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PREFACE 


These proceedings of the Seventh Federal Interagency Sedimentation Conference contain over 
190 technical papers. This conference is sponsored by the Subcommittee on Sedimentation. The 
conference theme is 

Sedimentation: Monitoring, Modeling, and Managing 
Papers are organized into eleven general sections according to broad subject matter headings. 
The proceedings have be2n prepared in advance of the conference so that all papers could be 
available to conference participants during the conference. 


The Subcommittee heid six previous interagency sedimentation conferences: 


Ist 1947 Denver.CO 4th 1986 Las Vegas, NV 
2nd 1963 Jackson, MS Sth 1991 Las Vegas, NV 
3rd 1976 Denver, CO 6th 1996 Las Vegas, NV 


7th 2001 Reno, NV 
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The first four meetings were conferences involving federal agencies only Papers and discussions 
were given only by the staff of the agencies on the Subccoramittee and by individuals engaged in 
cooperative sedimentation work with the agencies. Beginning with the Fifth and continuing with 
the Sixth and Seventh Conferences, however, a limited number of technical papers are being 
presented by nonfederal agencies in order to capture the full spectrum of sedimentation issues 
that relate to the condition of natural resources and their management. 


This conference brings together professionals and others from (1) the federal government, (2) 
state and local agencies, (3) universities, (4) the private sector, and (5) international 
organizations. Since 1946, the Subcommittee on Sedimentation has focused on interagency 
coordination. 


General Chairman G. Douglas Glysson USGS 








Technical F ciel 
Chair: Jerry M. Bernard USDA-NRCS 
Co-Chair: Ronald R. Copeland § USACE 
A/V Coordination: Mark Sailer USBR 
Field Tip Coordination: Glen Hess USGS 
Chair: John R. Gray USGS 
Registration: Paula Makar USBR 
Exhibits: Wayne O'Neal USGS 
Subcommittee Coordination: C. Ted Yang, Chair USBR 
Christi Young USBR 








Keynote Speakers es” a See Re emnn os eoeeeen Ge 
Sedi a 


Dr. Stanley Trimble, UCLA, "Soil Erosion and Sedimentation in the 

Driftless Area of the Upper Midwestern United States: An Historical 

Perspective" 

Short Courses ¢ Uses of Stream Classification Systeins for Stream Restoration: Lyle 

Steffen, NRCS; Janine Castro, USFWS 

¢ Designing Stable Channel Restoration Projects: Ronald R. Copeland, 
USACE; David Biedenharn, USACE; Colin Thorne, U. of 
Nottingham, UK; Rebecca Soileau, USACE. 

¢ Sediment Transport and Computer Model GSTARS 2.0/2.1: C. Ted 
Yang, Francisco J. M. Simées, and Blair Greimann, USBR. 

¢ Siream Instability and Bridge Scour Counter Measures Jorge E. 
Pagan-Ortiz, FHWA, Peter F. Lagasse, Ayres Associates, CO. 


¢ Collection of Fluvial Sediment Samples: G. Douglas Gilysson and 
John R. Gray, USGS. 
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Field Trips ¢ Carson River Restoration 
Washoe Lake and Lake Tahoe 
Truckee River Reservoirs 
Lower Truckee River 


Use of Stream Classification Systems for Stream Restoration (field 
portion of short course) 


- e¢- &¢ 


Many thanks to all the participating agencies' representatives, whe generously 
gave their time and efforts to make this conference a success and to promote 
research and understanding of sedimentation issues. 


- The Subcommittee on Sedimentation 
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Abstract: This paper provides a summary of the progress made in development and use of a submerged jet test for 
measurement of soil erodibility The apparatus and methodology have been developed as a tcol to measure the 
erodibility of cohesive moterials. A submerged jet is directed at the material surface and amount of scour is 
measured. The two orifices used to produce the jets eve been 6 mm and 13 mm diameter, respectively. The orifice 
height above the material surface used in testing 2s been from 6 to 20 times the diameter of the orifice. The method 
of analysis has progressed from use of a jet inde, t& a physical analysis of the hydraulic excess stress parameters 
based on jet diffusion principles. The test device is capable of producing boundary shear stresses from less than | 
Pa to 1000 Pa. The methodology has been used to determine erodibility of materials in headcuts, embankments. 
found to vary over several orders of magnitude This apparatus and methodology can be a useful tool for scientists. 
consultants, and government agencies interested in quantifying erodibility of cohesive materials 


INTRODUCTION 





Historically, it was hoped to find simple design rules for water crosior of cohesive soil channels based on easily 
determined criteria such as soil indexes, and flow velocity or stress applied. However, as more knowledge was 
gained it was revealed that erosion of cohesive soils is a complex system dependent on many parameters, including 
plasticity index, percent clay, density, moisture content, dispersion, and structure. Due to the complexity of erosion 
resistance and often subtle dependencies of one parameter to another, soil classification indexes have not proved 
useful as erosion predictors (Paaswell 1973). 


The design method for stable channel boundanes in continuous open channel flow in erodible materials was initially 
based on an “allowable velocity.” Generally, this method has been replaced by the concept of an “allowable stress.” 
Allowable stress is the maximum stress that the channel bed can experience without excessive erosion. Research on 
stable channel boundary design has concentrated on the correlation of the allowable stress to fundamental soil and 
water properties (Dunn 1959, Smerdon and Beasley 1959, Carlson and Enger 1963, Lyle and Smerdon 1965, 
Kamphius and Hall 1983). Allowable stress is determined primarily by either one of two ways: visually assessing 
failure at a measured stress, or by plotting the erosion rate against stress and taking the allowable stress as the point 
at which the slope changes. In the literature, the stress at this point is commonly referred to as the critical stress. The 
latter approach, along with the need for understanding soil erodibility in unstable channel boundaries, has led 
researchers to not only observe fundamental soil and water properties in correlation to the allowable stress but also 
to observe the erosion rate at various stresses. This approach has led to the development of the excess stress 
equation to represent the detachment process of soil materials: 


c=kelt, -t) (1) 


¢ = the crosion rate in volume of soil per unit time per unit area, 

t,= the local effective stress, Pa 

t,* the critical stress, Pa 

kg= the detachment coefficient, and 

a = exponent (often assumed to be = 1). 
This equation, although controversial as a mathematical representation of the detachment process, has proven useful 
as a simple equation to characterize soils. The terms hk, and t, are soil parameters, whereas the term t, 1s a hydraulic 


parameter. 
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Because soil indexes such as clay content, and dispersion, have not been conclusive predictors of erodibility there 
has been a need for the development of direct testing methods. The most dependable crosion test is a large open 
channel flow test with the material of interest forming the entire bed. However, this testing procedure poses many 
problems, including the effects of remolding and the large amounts of material required for testing. This dilemma 
has led to the development of smaller laboratory and in-situ devices such as linear flumes, annular flumes, sucking 
funnels, rotating cylinders, and jet probes (Liem et al. 1997, Grissinger 1982). 


This paper provides a summary of the progress made in use and development of a submerged jet test. The apparatus 
and methodology have been developed as a tool to measure the erodibility of cohesive materials. The purpose of this 
paper is to describe a jet test apparatus and the research that has been conducted on measuring the erodibility of 
cohesive soils 


DEVELOPMENT OF APPARATUS 


Submerged Jet Testing: Jet testing of 
cohesive materials Las been conducted in 
the laboratory (Duan |958, Moore and 
Masch 1962, Hollick 1976, Hanson 
1992) as well as in-situ (Dei Vecchio and 





























jet : 
perpendicular to the soil surface for 
site- specific testing of earthen spillway Figure 1. Submerged jet device for in-situ testing (Hanson, 1990). 
materials. They made relative 

comparisons of erosion resistance based on volume of material removed over time. Hanson (1991, 1992) used a 
submerged jet apparatus in the laboratory and in-situ, focusing on the rate of scour to characterize soils. Analysis of 
the jet test results has progressed to its present usage in three major steps: 1) analysis of the volume of material 
removed during scour; 2) analysis of the maximum depth of scour directly beneath the jet and determination of a jet 
index; and 3) analysis based on the diffusion characteristics of the jet to determine the excess stress parameters, 
detachment coefficient, and critical stress (Equation 1). These changes as well as changes in the apparatus are 

described below. 


00 + + 7 , , 





Hanson (1990) described a submerged jet device for in- 
situ testing of cohesive soils (Fig. 1). The device was 
mounted on a base ring with a sealing ring to prevent 
leakage and piping. A cylindrical tank was attached to 
the base ring to act as a weir while maintaining the water 
level required to submerge the jet. The soil surface inside 
the device was 0.46 m in diameter. Attached to the tank 
was an inner cylindrical liner that acted as a baffle to 
minimize return turbulence to the jet. The jet tube and 
pin profiler can ve interchangeably mounted to the upper 
surface of this liner. A 5i-mm diameter plexiglas tube, 
the lower end of which is fitted with a 13-mm diameter 
nozzle, is mounted in a hanger that can be set on the 
Figure 2. Measured scour profiles. inner cylinder. The volume and maximum depth of scour 
during a jetting event were determined using a pin 

profiler. Measurements were typice'ly taken at: 10, 30, 60, and 120 munutes of testing time, but could have been 
conducted for longer times depending on the resistance of the soil being tested. A typical set of profiles is shown in 
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Figure 2. The functional relationship used ir the analysis of the results was similar to Moore and Masch (1962) and 
Hollick (1976), with the exception that the emphasis of the analysis was on incorporating the detachment coefficient 
rather than the cruical tractive stress. The results of this study, based on a comparison of open channel results and 
jet tests results, indicated that the scour volume data could be collapsed by incorporating the coefficient of 


erodibility and using a fixed H, and 4 
Sameer eer 
where 


Vol = volume of material removed during scour, 

H, = height of nozzle above the initiai surface (Fig. 3), 

d = diameter of the jet nozzie, 

U,* jet velocity at the nozzle 7 7 
k, = detachment coefficient, and | bal 

yt = viscosity of the fluid 4 rea 
p = the fluid density. : 


Hanson (1991) developed @ soil-dependent jet index based on: af 
Core 2 


























1 
® . 


the change in maximum scour depth caused by an impinging jet 

versus time. Based on results of multiple in-situ tests of four: ii \n 
soil materials it was concluded that a simplified function based: } i | 

on the jet velocity U,, maximum scour depth (D,~H-H,), 
dimensionless time function time Ut, (where t, = | second), and: ene i UU 


a jet index J, could be used to characterize the erosion resistance a i — | 
of a soil material. 3 = | 


0931 __C*é nn entnnnnnnnnnnnnnnnnnnnnnsinnnnannnasnnsina 
Ds yu {+} (3) 
t 








' Figure 3. Definition of scour parameters. 


The scour results for several in-situ tests of a CL-ML soil with '6% clay at different jet nozzle velocities U,, are 
shown in Figure 4. it was observed that the scour depth increased with an increase in U,, and the rate of scour depth 
decreased with time. A comparison of these results with Equation 3 is shown in Figure 5. The jet index for this soil 
is therefore a soil characteristic. The jet index was then empirically correlated to the k, values obtained from open 
channel tests of the four soil aterials (Hanson 1991). The testing apparatus and jet index methodology are 
described in ASTM Standaru D5852-95, Standard Test 10 
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In an attempt to remove empiricism and cbtain direct measurements of the parameters t, and k,, Hanson and Cook 
(1997) and Hanson et al. (2000) developed analytical procedures for determining soil erodibility based on the 
diffusion principles of a submerged circular jet, and scour beneath an impinging jet. These procedures are based on 
analytical procedures developed by Stein and Net (1997) for a planar jet at an overfall. Stein and Nett validated this 
approach in the laboratory using six different soil types. The diffusion principles of a circular jet are slightly 
different from those of a planar jet and therefore have <esulted in differences in the final equations, but the basic 
concepts are the same. 


In a submerged jet erosion test the height of the test varies with time. The jet origin is at an initial height H, above 
the soil bed. As scour continues, an equilibrium depth is eventually reached, which results in a distance from the jet 
origin to the maximum point of scour H,. The equilibrium depth is the scou ed depth at which the hydraulic stresses 
created by the jet are no longer sufficient to cause additional downward erosion. As the jet travels toward the soil 
boundary, it spreads radially and diffuses throughout the surrounding fluid, decreasing the velocity. There is an 
initial reach length in which the centerline velocity U, remains constant. This distance defines the potential core 
length from the jet origin H, Beyond this point, the velocity U remains at maximum along the jet centerline but the 
entire velocity field is reduced by diffusion. 


if it is assumed that |) the rate of change in the depth of scour dH/dt is the erosion rate as a function of the 
maximum stress at the boundary, and 2) the distance from jet origin to the initial bed surface is greater than H,, then 
the er~sion rate equation for the jet scour test is expressed similar to Equation | (Hanson and Cook 1997): 


Safe. m 


When the rte of scour diminishes to a¥/d-0, equiloriom depth H, is etained and critical sree is caleulted as: 


(He) (3) 
Te ™ To He 
A dimensionless form incorporating Equations 4 and 5 is expressed as: 

dH" _ (1-H”) (6) 


dT 4H” 
The dimensionless terms are defined as H’ = H/H,, and H,” = H,/H,, and dimensionless time T" = UT,, where t is 
time, and T, is a reference time defined by Stein and Nett (1997): 


T= (7 


kg % 
Equation 6 indicates that the change in scour depth with time is expressed as a continuous function of the 
from the jet origin H"=0 to the equilibrium scour depth H'=1. The 














T from 
T’=0.5in “Ht. off’ ost" He +T (8) 
“Hy 


respectively. As seen from Figure 6, scour depth initially increases rapidly, especially for large values of H,°. 
Scour rate decreases rapidly as the equilibrium scour depth is approached and depth asymptotically approaches the 
equilibrium depth. Also note that for values of T*>0.001, the function of H® is very similar for values of H,*-0.0 
and 0.1. 


The parameters t, and k, are determined by curve fitting measured values of H versus t to Equation 8 and 
minimizing the error of the measured time |, and the predicted time t,. Application of the same results st.own in 
Figure 4 to equation 8 are shown in Figure 7. The advantage of this approach is that the excess stress parameters t, 
and bk, are determined independently. The jet index determination of k, is dependent on the empirical relationship 
developed by Hanson (1991). This relationship was based on a comparison of open channel erosion tests on four 
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soils conducted in 1986 and 1987. In-situ jet tests for the same soils were conducted in 1988. Although the soil 
samples were prepared in the same manner for both tests, Hanson (1992) observed from laboratory tests that 
moisture content can have a significant effect on test results 


Soil sasaples for laboratory submerged jet testing were prepared by dynamic compaction attained by dropping a 
79.4-kg hammer 0.30 m and controlling the number of blows. The soils were compacted in three layers, using 24 
blows per layer, with the compaction effort of 603 kN-m/m’. Moisture content was also controlled at the ume of 
compaction. Tests were conducted on circular soil samples 0.44 m in diameter with a volume of 0.03 m’. Water 
was fed under a constant head of 0.91 m, U, = 4.2 m/s. The plot of t, and k, versus moisture content (Figure 8, a-b) 
indicates that the compaction moisture content at the same compactive effort can have a significant impact on the 
erosion resistance. The k, determined from the open channe! tests and from the in-situ jet tests are shown in Figure 
8 b with the laboratory jet test results to indicate that small changes in the moisture content at compaction could 
have potentially altered the erodibility determinations 


In an effort to compare open channel test results with equivalent in-situ jet test results, Hanson and Cook (1999) 
conducted: |) a series of laboratory jet tests on compacted samples of a CL material at various moisture contents; 2) 
two open channel flow tests in a large outdoor flume; and 3) in-situ jet tests in the flume during the open channel 
flow tests. The two open channel erosion tests were conducted on this soil in a flume 1.8 m wide by 29 m long with 
2.4-m sidewalls. A flat-bottomed channel 1.8 m wide and 21 m long was constructed in the flume for cach test. 
Soil was placed in the flume on a 1% slope for test |, and 3% slope for test 2. The average water content of the 
placed soil for tests | and 2 was 15.1% and 13.9%, respectively. Soil was placed in 15-cm loose lifts and compacied 
with 4 passes of a vibratory roller compactor, 2 passes without vibration and 2 with vibration. The resulting average 
dry unit weight for test | and 2 was 1.80 g/cm’ and 1.85 g/cm’, respectively. 


The depth of erosion and average effective stress were determined from the data collected for cach test. The 
effective stress range for tests | and 2 varied from 12 to 55 Pa. The t, for this soil, determined from Agricultural 
Handbook 667 (Temple et al. 1987), was 2.8 Pa for test | and 2.9 Pa for test 2. The k, determined from the data was 
0.06 cm’ /N-+ for test | and 0.08 cm’/N-+ for test 2. 


Follow g open channel testing, the flow was continued and im-situ je! tests were conducted on the channel bed. 
Three jet tests were conducted on the channel bed of test | and two jet tests were conducted on the channel bed of 
test 2. Average values of t, and k, were determined from the jet tests run on channel tests | and 2: for test |, t, = 
2.1 Pa and ky “0.12 cm’ /N-s; for test 2, t, = 1.1 Pa and k, $0.09 cm’/N-s. A comparison of the laboratory results, 
open channel resuls, and in-situ jet test results are shown in Figure 9 a and b. This example indicates the utility of 
the jet test for determining optimum placement conditions as well as corroboration of laboratory jet test, in-situ jet 
test, and channel crosion results 
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environment (Hanson and Cook 1999, Allen ct al. 1999, Hanson and - Figure 10. Schematic of a modified 
Simon 2000), to predict headcut migration (Hanson et al. 1999), version of the in-situ jet test device. 
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The processes involved im erosion of cohesive matenals m concentrated flow are complex. This paper presents the 
development of a submerged jet testing apparatus, procedure, and analytical methodology for characterizing the 
erosion resistance of cohesive soil materials. Research conaucted to date has included tests conducted im large 


and density have been observed to affect t, and k, by as much as 200 fold. Such observations pomt out the 
mmportance of using m-situ tests rather than relying solely upon empurica! estimates, based on maternal classification 
to determine soi! erodibility 
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PREDICTING INTERPARTICLE BOND SHEAR STRENGTH NUMBER 
OF THE HEADCUT ERODIBILITY INDEX FROM SOIL INDEX TESTS 


By John S. Moore 
National Hydrogeologist/Fluvial Geomorphologist 
Natural Resources Conservation Service 
Washington, DC 





ABSTRACT. The US Department of Agriculture (USDA), Natural Resources Conservation 
Service (NRCS) uses the SITES software program to determine breach potential of auxiliary 
earth spillways of dams. One component of the computational model predicts the rate of headcut 
advance within the spillway. The component utilizes an energy-based parameter to represent 
hydraulic attack and a headcut erodibility index to describe resistance of geologic materials to 
that attack. The headcut erodibility index applies across a broad spectrum of geologic materials 
ranging in strength from soft cohesive soil through hard massive rock. One of the parameters 
that comprise the index is the discontinuity or interparticle bond shear strength number, Ky. Al- 
though for rock and rock-like materials the number can be estimated reliably by simple field 
tests, the results for soil materials are typically less consistent, and therefore, less dependable 
unless backed up by laboratory shear testing. Because shear strength testing is costly, a rational 
method is described to predict the effective residual friction angle from less expensive soil index 
tests. Specifically, the liquid limit of cohesive soil material is used to predict the effective resid- 
ual friction angle at an assumed effective normal stress of 100 kPa, for three broad ranges of clay 
size-fraction. The Kg factor is then taken to be represented by the tangent of the effective resid- 
ual friction angle of the material. 


INTRODUCTION 


The earth spillway erosion model (called SITES) that is incorporated into the NRCS Water Re- 
source Site Analysis Program (NRCS, 1997a) predicts erosion from a given outflow hydrograph 
through auxiliary earth spillways of dams. The intended uses of the model are to minimize 
spillway erosion damages and evaluate the potential for the flow to breach the spillway. One 
component of the computational model predicts the rate of headcut advance within the spillway. 
The component utilizes an energy-based parameter to represent hydraulic attack and a headcut 
erodibility index to describe resistance of geologic materials to that attack (Temple and Moore, 
1997). The logarithmically scaled geologic parameters that constitute the Headcut Erodibility 
Index, K,, include earth material strength number, M,, block or particle size number, Ky, discon- 
tinuity or interparticle bond shear strength number, Kg, and relative ground structure number, J,, 
which accounts for both the shape of material units and their orientation relative to stream flow. 
The headcut erodibility index to a broad spectrum of geologic materials ranging in strength from 
loose granular or soft cohesive soils through extremely hard, massive rock. NRCS (1997b) uses 
field procedures developed by Moore (1997) to determine the index. 
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CURRENT PROCEDURE FOR DETERMINING K, FOR COHESIVE MATERIALS 


The interparticle bond shear strength number for cohesive material was originally defined by 
Barton et. al. (1974) to be approximately represented by the tangent of the effective residual 
friction angle, $',, of the material. The NRCS Field Procedures Guide (1997b) provides a sub- 
jective metho.'ology for estimating Kg for cohesive materials. Clay mineralogy, relative plastic- 
ity, and particle size gradation are used subjectively to provide a table of logarithmically scaled 
values from which one can, by using an appropriate measure of professional judgement, arrive at 
a rough approximation of an effective residual friction angle. The Guide suggests that field es- 
timates of Ky be backed up with laboratory determinations of 9’, Because laboratory shear 
strength testing of cohesive soils is costly and time-consuming and is often considered impracti- 
cal by the field practitioner, an alternative method for predicting Ky is examined that uses stan- 
dard soil index properties that correlate with the effective residual friction angle. 


REVIEW OF SOIL INDEX PROPERTIES THAT INFLUENCE RESIDUAL SHEAR 
STRENGTH OF COHESIVE MATERIALS 


Correlations between drained residual shear strength and various soil index properties are widely 
reported in the literature. An exhaustive review is beyond the scope of this paper; however, pa- 
pers by Lupini et. al. (1981), Collotta et. al. (1989) and, more recently, Stark and Eid (1994 and 
1997), examine most of the available, practical correlations that have been developed from case 
histories and laboratory tests performed by various researchers since the mid-1960's. 


The clay size fraction (CF), plasticity index (PI), liquid limit (LL), and (to some extent) clay 
mineralogy are the parameters that generate particular interest because they are routine tests per- 
formed in most geotechnical soil investigation programs and are relatively fast and inexpensive. 
All of the correlations have a certain amount of scatter in the data, as would be expected from 
empirical relationships. The trends in the data are clear, however. High clay content, high plas- 
ticity indexes, and high liquid limits contribute to low residual shear strengths. Clay mineralogy, 
particularly type and shape, also influences residual strength. Smaller, more plate-shaped clay 
minerals contribute to low residual shear strengths. In this context, the most common clay min- 
erals can be listed in the following order of decreasing residual strength: massive minerals (e.g. 
quzstz, feldspar), kaolinite, micaceous minerals (e.g. chlorite, illite), and montmorillonite (Mesri 
et. al., 1986). 


Stark and Eid (1994) conducted torsional ring shear tests on specimens of remolded, normally 
consolidated, cohesive clays at effective normal stresses ranging from 50 to 700 kPa Liquid 
limit was used as an indicator of clay mineralogy, and clay-size fraction the quantity of particles 
smaller than 0.002 mm. The drained residual failure envelopes were nonlinear at all effective 
normai stresses for given liquid limits and clay-size fractions. They concluded that a drained re- 
sidual strength correlation could be used to estimate the entire nonlinear failure envelope or ef- 


"’ The NRCS Soil Mechanics Center is equipped to conduct ASTM D 3080, Direct Shear Test of Soils Under Con- 
solidated Drained Conditions, and ASTM D 6467, Torsional Ring Shear Test to Determine Drained Residual Shear 
Strength of Cohesive Soils. 
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fective residual friction angle that corresponds to the average effective normal stress on the slip 
surface. They describe an empirical correlation: for the effective residual friction angle as a 
function of liquid limit, clay-size fraction, and effective normal stress. 


Figure | is a plot of Stark and Eid’s data for drained effective residual friction angle and soil in- 
dex properties, at an effective normal stress of 100 kPa. This data set was selected because it 
reasonably represents the normal stress that would be characteristic of soil materials in NRCS 
earth spillways subject to headcut erosion. Power functions, R’, and n for the three curves are 
given in Table 1. 

















Table 1. 
Clay-size Fraction R’ n Power Function of ¢', 
<20% 0.9986 3 169.58 (LL) -°*”** (1) 
25-45% 0.9891 5 329.56 (LL) °°”! (2) 
> 50% 0.9588 12 234.73(LL)°°** (3) 
Figure 1. Residual Friction Angle vs. Liquid Limit for Three Ranges in Ciay Content 
3 
») 
3s + — 
20 | * »>50% Clay 
25 - 45 % Clay 
e <2 % Clay 
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A METHOD FOR PREDICTING INTERPARTICLE BOND SHEAR STRENGTH 
NUMBER, Kg, 


The interparticle bond shear strength number (Kz) of a cohesive soil is predicted by a rational 
correlation between soil index properties and residual shear strength by the following method. 


1. Determine the liquid limit by ASTM D 4318, Standard Test Method for Liquid Limit, Plastic 
Limit, and Plasticity Index of Soils, and report the result to the nearest one percent. 

2. Determine clay content (the percent finer than 0.002 mm) by ASTM D 422, Standard Test 
Method for Particle-Size Analysis of Soils, and report the result to the nearest five percent. 

3. Use the clay content value to select the appropriate equation (1, 2, or 3) to predict effective 
residual friction angle, $',, and report the result to the nearest one-tenth degree. 


For soil materials, the interparticle bond shear strength number, Ky, of the Headcut Erodibility 
Index is taken to be the tangent of the effective residual friction angle, $’;: 


Kg = tan 9; (4) 


EXAMPLE PREDICTIONS OF K, 


Results of NRCS soil mechanics laboratory testing on seven fine-grained soil samples are sum- 
marized in Table 2. Because all the soil samples contained greater than 50 percent clay, effective 
residual friction angles are predicted by using equation 3. Figure 2 is a plot of the effective re- 
sidual friction angle versus liquid limit for the seven samples with respect to the equation 3 
curve. Figure 3 shows the plot of the Ky, predicted from soil index tests versus the laboratory 
determination of residual shear strength. 


Table 2. NRCS Soil Mechanics Laboratory Data 





State Watershed Sample# LL PI Clay Lab Shear, ¢ Calculated’, ¢,, Ke Ke 
(%) (") (") (From Lab Shear) (From Curve) 

AL Old Town Creek37 1939 70 44 >50 10.6 13.9 0.185 0.242 
AR Ozan Creek 20 673 5 27 «4>50 21.0 16.1 0.367 0.281 
AL Mush Creek2 85-1726 70 45 »>50 12.0 13.9 0.209 0.242 
TX AudsCreek 6A 79-1855 SO 26 »>50 13.7 174 0.239 0.303 
™ Elrn Creek 2365 86 65 »50 10.5 11.9 0.183 0.208 
™ Elm Creek 23768 «6 75—C—ls« 53s «SO a4 13.3 0.164 0.232 
™ Greys None 76 51 »50 15.7 13.1 0.274 0.229 





 $, = 234.73 1) *™ 
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Figure 2. NRCS Lab Data vs. Stark and Eid Data 
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CONCLUSION 


A method is considered for predicting the interparticle bond shear strength number of the Head- 
cut Erodibility Index according to a rational correlation (Stark and Eid, 1994) of soil index prop- 
erties with the effective residual friction angle. A limited number of NRCS data show reasona- 
bly good correlation by this approach; however, additional data are being collected from the 
NRCS soil mechanics laboratories to further test the apparent relationship between the effective 
residual friction angle and soil index tests. Use of a rational correlation in lieu of a traditional 
laboratory determination of residual shear strength is under consideration by the NRCS to expe- 
dite field classification of the hydraulic erodibility of materials in earth auxiliary spillways. 
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Abstract: A comprehensive research program was conducted to examine headcut erosion 
processes in compacted cohesive soils. A headcut test facility was constructed, and a systematic 
examination of the dominant parameters that influence headcut erosion was performed. Major 
findings from the last seven years of headcut erosion research using this facility are briefly 
described. The influence of soil properties, hydraulic forces, overfall geometry, and multiple soil 
layers in the profile were examined. The influence of weathering and fractured materials was 
also investigated. Predictive relationships are discussed that allow the user to predict the headcut 
advance rate and the rate of vertical scour downstream of a headcut. 











INTRODUCTION 


Headcut erosion occurs worldwide, causing major problems such as dissection of the landscape, 
channel instability, and earth spillway damage. Headcut erosion occurs as rills, ephemeral 
gullies, field gullies, large headcuts, and stream knickpoints. As water passes over an overfall, or 
abrupt drop in bed elevation, the impinging nappe attacks the channel bed and creates a reverse 
roller (Fig. 1). This flow circulation transfers hydraulic shear stress to the near-vertical overfall 
face. The impinging nappe and flow circulation typically cause deepening and undercutting of 
the headcut face causing the headcut to retreat upstream. Headcut erosion delivers vast 
quantities of sediment to receiving streams, with attendant negative environmental impacts. 
Nappe 

Fow ——~ In order to learn more about 
= Nappe impingement Area fundamental headcut erosion 
Overtall | Podtat J. processes, a research 


¥ 


= ~S . a — program was conceived by 











the authors in 1992. A large- 
be scale flume was constructed 
ri, for the primary purpose of 
i te — conducting headcut erosion 
tests. The flume and 
appurtenant flow 
oad measurement and tailwater 
control structures were 
Figure '. Definition sketch (Robinson et al., 2000b) completed in 1993. Since 
then, numerous tests have 
been conducted that enhance our present knowledge of headcut erosion. The objective of this 
paper is to summarize the major findings from the last seven years of headcut erosion research 
using this facility. Investigation of this challenging topic is on-going. 
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EXPERIMENTAL SETUP 


Test Facility: The headcut erosion test facility is composed of three concrete structures 
connected by earthen dikes. While not drawn to scale, a centerline profile of the test facility is 
provided (Fig. 2). Flow measurement is provided with a 2.4-m (8-ft) wide modified Parshall 
flume. i downstream of this flume is a 2.7-m (9-ft) wide straight drop spillway with 
a 3.0-m (10-ft) vertical drop. An earth forebay connects the drop structure with the test flume. 
The drop structure and forebay provide subcritical flow to the test flume. 



























































MEASUREMENT 
| , — TAILGATE 
son . = 
——— = a 1A 


DROP 
Figure 2. Test facility centerline profile (Robinson and Henson, 1995). 


A 2.4-m (8-ft) long concrete transition section is located at the upstream end of the flume to 
provide uniform approach flow conditions. The 29-m (96-ft) long horizontal test flume is 1.8 m 
(6 ft) wide and has 2.4-m (8-ft) tall sidewalls. A rail-mounted carriage on top of the flume walls 
allows rapid water surface and bed profile measurement, and the flume wall also has two 
windows that allow a side view of the erosion process. 


The flume exits into an earthen outlet basin where the majority of sediment is deposited after a 
test. An outlet structure, located at the downstream end of the outlet basin, is equipped with a 
2.3-m (7.5-ft) wide overflow tailgate. This tailgate allows tailwater control within the flume. 
The outlet basin is also connected to a supply canal, so it can be filled to a desired tailwater level 
before beginning a test flow. A more detailed description of the test facility is provided in 
Robinson and Hanson (1995). 


EXPERIMENTAL PROCEDURE 


Soil Material and : The primary soil examined in this study exhibited a liquid limit of 
26 and a plasticity index of 15. Using the Unified Soil Classification System, this red sandy clay 
(CL) exhibited 25% clay, 40% silt, and 35% sand. This soil was selected primarily because large 
quantities with uniform soil properties could be obtained locally. Standard Proctor tests 
displayed a maximum dry density of 1.9 Mg/m’ (119 Ib/ft’) at an optimum moisture of 12%. 
Soil strength is an important parameter in headcut advance, and a strong relationship exists 
between the density and strength for this soil. In the initial tests, strength and density data were 
intentionally varied over a wide range (Robinson and Hanson, 1995). Following placement of 
the soil in the flume and before testing, samples were taken from the downstream end of the 
placed soil. Density samples were taken with 76-mm (3-in) diameter push tubes at 
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approximately 152-mm (6-in) intervals in the profile. Unconfined compressive strengih samples 
were taken at 305-mm (12-in) intervals with 51-mm (2-in) diameter push tubes. Corapacted soil 
densities typically ranged from 70 to 100% of Standard Proctor density. 


Fill Preparation: The test flume was filled by placing soil in horizontal loose lift layers ranging 
in thickness from 100 to 150 mm (4 to 6 in). Typically, water was added to achieve the desired 
soil moisture. A PTO-operated tiller was used to mix the soil layer and to reduce aggregate 
sizes. A 0.9-m (34-in) wide self-propelled vibratory sheepsfoot roller was used to compact each 
soil layer. The fill was compacted with repeated passes of the roller over the fill layer. A 
vibratory load could also be used to increase compactive effort. A hand-held pneumatic 
compactor was used to compact the soil next to the concrete walls. The compacted soil surface 
was then scarified with a tiller to improve bonding with subsequent layers. These fill placement 
procedures were repeated until the desired fill depth was obtained. As the fill depth increased, a 
ramp was constructed at each end of the fill. This ramp allowed equipment access to the top of 
the fill. Before testing, the downstream ramp was removed, and a vertical headcut was prepared 
at the end of the test section. The fill section included additional horizontal length to allow for 
soil sampling at the downstream end of the test section. The total length of horizontal fill varied 
depending on test objectives. Overfall heights up to 1.55 m (5.1 ft) were tested. 





For the headcut advance tests, a soil cement treatment was added to the fill surface to minimize 
soil erosion upstream of the headcut. Portland cement at a rate of 4% (by weight) was mixed 
into the top 75 mm (3 in) of the soil surface and then compacted. The soil cement treatment 
served to retard sur{ace detachment without restricting the headcut erosion processes. The 
weathering tests did not have a soil cement treatment. 


Testing: Flume tests were conducted following a routine sequence of events. Soil sampling was 
conducted, and the headcut was preformed. The tailgate was set to the desired position, and the 
flow was introduced into the forebay. Once the forebay was filled and the flow reached the 
overfall, the headcut position was monitored with time. Water surface and bed profiles were 
taken periodically during the test, as were discharge measurements. Normally, the test continued 
until the horizontal fill section was completely breached. 


RESULTS 


A systematic plan of attack was formulated for the headcut erosion problem. It was understood 
from the beginning that this complex erosion behavior could be influenced by many parameters. 
Hydraulic parameters such as the shear stress, flow rate, and tailwater level were thought to be 
important. The resisting forces of the compacted cohesive soil such as soil strength, dry density, 
moisture content, and overfall geometry were also considered important. Certainly other 
parameters such as seepage and weathering were also believed to be important. Test objectives 
were proposed recognizing that all possible parameters could not be isolated. The large test 
facility also imposed some real limits. For instance, two-dimensional approach flow conditions 
were a limitation, as was the limited overfall height. Though limited, this comprehensive 
database is one of the few to examine field-scale headcut erosion processes. Brief descriptions 
are provided for most of the tests conducted in this study. An in-depth treatment can be found in 
the supporting references. 
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: Initial headcut 

testing was conducted while varying the moisture sad | ; meee «0s 
and dry density of the compacted cohesive soil. 18} @ anon | 
These initial tests were performed with a constant € ad | \ ees 
flow rate of 1.55 m’/s (55 ft’/s) and an overfall & 
height of 1.2 m (4 ft). No additional tailwater depth = 12} ‘ ’ 
was imposed on the fill. The soil materials tested 10} ‘ 
exhibited a strong relationship between the | . 
unconfined compressive strength and the dry density. 6} ° ‘ 
The soil strength increased as the density increased. 4} ; 
Flow over the headcut created a reverse roller that 2} e ; 
acted to remove material from the overfall base. ee oF . 
When sufficient material was removed, a mass 150 155 160 165 170 1.75 160 185 
wasting event would occur, and the headcut would Average Ory Density (Mg/m3) 
retreat upstream. Even though the headcuts moved in Figure 3. Advance rate vs. dry density 
an episodic fashion, the headcut position versus time is (Robinson and Hanson, 1996a) 


well represented by a linear fit. The same soil exhibited 
widely different headcut advance depending on the dry density (Fig. 3). Observed advance rates 
for the CL soil ranged from 0 to 18 m/hr (59 ft/hr) (Robinson and Hanson, 1995). 


: To evaluate the influence of a more erodible layer of material in the 
soil profile a 0.3-m (1-ft) thick sand layer was placed at the bottom of a 1.2-m (4-ft) tall overfall. 
The sand layer extended horizontally 4.6 m (15 ft) into a 9.2-m (30-ft) long fill section. This 
configuration allowed the headcut migration to be examined with and without the sand layer in 
the profile. The sand layer did not appear to 
$ "| influence the rate of advance when a highly 
; ra erodible soil was the overlying material. However, 
I ' when the overlying material was more erosion 

¥ _ resistant, the sand layer dramatically accelerated 
grt _ the headcut advance rate (Fig. 4). As a worst case, 
the sand layer caused the headcut advance rate to 
: increase by an order of magnitude. The presence of 
Ses even a relatively thin layer of erodible materiai in 
© Denaty 1.50 gee, Mose 116% the soil profile can dramatically alter headcut 
9 Oenaty 79 gee, Monee 44% = movement (Robinson and Hanson, 1995). 
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Figure 4. Movement with and without ssand layer = influence of overfall height and flow rate were 

a ee examined while attempting to hold the soil 
moisture and soil density constant. Prefori.ed overfalls with average heights of 0.96, 1.25, and 
1.55 m (3.1, 4.1, and 5.1 ft) were tested to failure at average discharges of 0.75, 1.59, and 2.42 
m’/s (26.5, 56.1, and 85.5 ft’/s). While an individual fill material could be placed quite 
uniformly, it was more difficult to place multiple fills at the same moisture content. The 
variation in weather conditions cax ed some variation in the moisture content of the soil 
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stockpile. While the dry densities were similar, the average moisture contents ranged from 12.6 
to 15.9% for eleven tests. The variation in placed soil conditions appeared to have as much 
influence on headcut advance as did the overfall height and discharge variations. Typically the 
tests exhibited advance rates of 0.5 to 1.5 m/h (1.6 to 4.9 fvhr). A subset of the data with less 
variability in density and moisture content indicated that the advance rate increased slightly as 
the overfall height increased at a constant discharge. This subset of data also suggests that the 
advance rate is not greatly affected by discharge over the tested range. 


The air pocket below the nappe became smaller as the overfall height decreased and as the 
moisture content tests were more likely to erode with a sloping face. Typically the erosion 
occurred along placed soil layers with relatively small-sized failure blocks. The higher moisture 
failure of relatively large blocks of soil were common (Robinson and Hanson, 1996a). 


Influence of Tailwater: Tests were conducted to evaluate the influence of tailwater level on the 
observed rate of headcut advance. The discharge, overfall height, and soil type were held 
constant and the tailwater level was varied. Four tests, each prepared with different soil moisture 
and density conditions, were conducted that each examined four different tailwater conditions. 
Low moisture and low density conditions produced the largest headcut advance rate, while high 
moisture and high density conditions produced the lowest advance rate. The intermediate 
tailwater levels produced the largest headcut advance rate for a given soil condition. The 
maximum headcut advance rate was observed for a tai!water to overfall height ratio of 
approximately 0.8. The tailwater level was observed to vary the advance rate by a factor of 2.6 
to 7.5 over the range of soil conditions tested. This study suggests that an accurate prediction of 
headcut advance must incorporate tailwater information (Robinson and Hanson, 1996b). 
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soil bed. A typical plot of the 
scour at the base of an overfall 
versus time is provided (Fig. 5). 
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rate was observed to decrease as 
the soil density increased, and the - 
scour rate also increased as the Station \m) 

moisture content at the time of compaction 

decreased. For the conditions examined, the Figure 5. Bed surface profiles for test 13 
vertical scour rate ranged from near 0 to 1.98 EES hy COTE 

m/hr (6.5 fVhr) (Robinson et al., 1996, 1999a). 
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None of these scour tests reached an equilibrium or ultimate depth. As equilibrium conditions 
are approached, the rate of scour should be expected to decrease. The scour in a cohesive soil 
caused by an impinging nappe was 
compared with the scour of a submerged 
circular jet device. Relationships were 

. developed to predict the scour below an 
overfall based on the jet test performance 
: (Hanson et al., 2000). Figure 6 displays the 
measured and calculated vertical scour rate 
versus time for the test shown in figure 5. 





Influence of Weathering: Surface 
. weathering has been shown to accelerate 
soil erosion, and weathering processes can 
contribute to increased scour in the vicinity 
: of a headcut. A preformed headcut in a 
compacted cohesive soil was exposed to 
intermittent flows. The soil surface was 
allowed to weather for periods of 
Tene (min) approximately one month between 
subsequent flow events. Processes such as 
Figure 6. Measured and predicted scour for test 13 wet-dry cycles, freeze-thaw cycles, 
(Hanson et al., 2000) desiccation cracking, tension cracking, and 
crust development were observed to weaken 
the surface and accelerate observed erosion. As flows were introduced over weathered material, 
a surface layer 25 to 50 mm (0.1 to 0.2 ft) deep was quickly removed. After this initial period of 
rapid erosion, the erosion rate stabilized at a constant but much lower rate. Desiccation cracks 
formed polygonal peds in the soil surface. The crack locations remained constant, and the cracks 
enlarged during subsequent flows. Jet tests correlated well with the observed scour and indicate 
that weathering increased the surface erodibility 160 times over that of the unweathered soil. 
These tests suggest that weathering cen substantially accelerate the erosion of cohesive soils 
exposed to intermittent flow conditions (Robinson et al., 2000a). 


Other Topics: Various other topics were investigated to enhance our understanding of headcut 
erosion. The velocity field was measured in the vicinity of an overfall for a range of flow rates 
and tailwater elevations. The observed flow circulation was similar to that shown in figure |. 
The near boundary velocities did not change appreciably as the flow rate changed (Robinson et 
al., 2000b) 




















The presence of fracture patterns or cracks in soil and rock materials can accelerate the 
movement of headcuts. Studies examined the crosion of fractured materials. Blocks of known 
size were placed downstream of an overfall, and the discharge was increased incrementally until 
the block matrix failed. The failure discharge was observed to decrease as the overfall height 
increased. The failure discharge also increased as the block dimension orthogonal to the bed 
surface increased (Hanson et al., 1998). 
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Pressure within the a block matrix is also considered to be a dominant failure parameter. 
Pressure measurements suggest that the block matrix dramatically dampens the peak pressures 
measured at the floor even with a relatively large crack spacing. The pressure also increased as 
the overfall flow rate increased. Pressures were largest when the nappe impingement occurred 
directly over a crack (Robinson et al., 1999b). Additional pressure testing is on-going. 


Tests are being planned to examine the influence of seepage on headcut advance. 
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This database can be used to develop or 
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device (Hanson et al., 2000) is used to 
simplified prediction technique does a Figure 7. Predicted vs. measured migration rate (Hanson et 


good job of fitting the headcut erusion ae 
data (Fig. 7). It is important to note that the data were not used to develop this relationship. 
While some scatter is observed, particularly for low tailwater conditions, this relationship looks 


very promising. 
SUMMARY 


A comprehensive research program was established to learn more about headcut erosion 
processes. A large-scale flume was constructed to test compacted cohesive soils of different 
geometry. Variations in soil moisture content and dry density on headcut moverrent were 
examined, as were variations in overfall height and flow rate. A sand layer was observed to 
dramatically affect the rate of headcut movement. Intermediate tailwater levels caused the most 
rapid headcut movement. Flow circulation in the vicinity of a headcut was described, and 
studies found weathering to be important when a headcut is exposed to intermittent flows. 
Predictive relations were developed that do a good job of predicting the headcut advance rate and 
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the vertical rate of scour at the base of an overfall. Pertinent references are provided for those 
wanting additional details. 
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EGEM, Next Step 
By 
Donald E. Woodward 
National Hydraulic Engineer 
USDA-NRCS 
Washington, DC 
ABSTRACT 
The Natural Resources Conservation Service (NRCS) developed a computer program with the 
assistance of the Agricultural Research Service (ARS) to estimate the average annual erosion 
from an ephemeral gully in 1992. The computer program, Ephemeral Gully Erosion Model 
(EGEM), has been used in Europe to estimate ephemeral gully erosion. The NRCS strategic plan 
has established a goal of furnishing a tool to estimate ephemeral gully erosion and the impact of 
various management practices on the average annual erosion rate. NRCS has determined that the 
ephemeral gully erosion rates vary from 24 to 273 percent of the sheet and mill erosion, 


depending on the location. 


In May of 2000, NRCS put together an international team of scientist to help meet the deadline 
of 2002. This team is working together to develop a tool that can be used to determine the 
impact of management practices on ephemeral gully erosion rates. This presentation will explain 


how this team was organized and the resuits of their effort. 
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Donald E. Woodward 
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Natural Resources Conservation Service (NRCS) 
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EVALUATING MECHANICS OF EMBANKMENT 
EROSION DURING OVERTOPPING 


By Gregory J. Hanson, Research Hydraulic Engineer and Darrel M. Temple, Research 
Leader, USDA-ARS Hydraulic Engineering Research Unit, Stillwater, Oklahoma 


Authors contact point: USDA-Agricultural Research Service, Plant Science and Water 


Conservation Research Laboratory, 1301 N. Western Street, Stillwater, Oklahoma, 74075. 
Phone number (405)624-4135, Fax Number (405)624-4136, e-mail addresses: 


ghanson@pswcerl.ars.usda.gov and dtemple@pswerl.ars.usda.gov. 


Abstract; Thousands of dams built in the United States have a potential to be overtopped by 
flood flows. Therefore it is necessary to understand the mechanics of embankment erosion in 
order to evaluate the safety risk that overtopping represents. This paper describes tests 
conducted at the USDA-ARS Hydraulic Engineering Research Laboratory in Stillwater, 
Oklahoma, using an embankment 3 m high and 37 m long with 3:1 slopes. Measured bed 
profiles and velocity profiles for four 1--m wide channels, two vegetated and two non-vegetated, 
are compared. The tests were conducted at discharges of 0.2 m’/s and 0.6 m’/s. The tests in the 
vegetated condition were run for 75 hours, and the tests in the non-vegetated condition for 73 
hours and 52 hours, respectively. The maximum overall erosion rate in the non-vegetated 
channels was 25 and 50 times greater than that in the vegetated channels. The erosion in the 
non-vegetated channels was not uniform spatially along the length of the channel or temporarily 
over the duration of the tests. The erosion progressed into stair-stepped overfalls. It is 
anticipated that thy results of these studies will provide the basis for improved evaluation of the 
erosion of embankments subjected to overtopping. This study will provide a tool for evaluating 
dam rehabilitation needs, as well as accessing the risk to human and livestock life and property 
loss downstream. 


INTRODUCTION 


When the inflow exceeds the outflow of a reservoir, the water level will build up and water 
storage will increase. In the case where the auxiliary spillway and other outlet structures fail to 
provide a successful passage of the flood, the water level will rise and overtop the dam. For 
earth embankments, erosion will begin once the forces exerted by the flowing water exceed the 
resistive forces of the exposed materials. The extent of damage depends on the vegetation, the 
properties of the dam fill, the degree of compaction of the fill materials, the dam geometry, the 
location of any impervious element, and the quantity and duration of flow over the dam. 


Palston (1987) in his discussions of dam overtopping distinguishes between cohesive and non- 
cohesive soils and the characteristic erosion of each. For cohesive soils in embankments with 
backslopes in the range of 2.0 or 3.0 horizontal to 1.0 vertical, overtopping results in the eventual 
degradation of the surface, formation of a discontinuity, and development of an overfall. The 
overfall advances progressively headward as the base of the overfall deepens and widens. 
Failure and breach occur when the overfall migrates through the upstream crest of the dam. This 
process is quite different from that described for embankments in non-cohesive soils. With non- 
cohesive soil embankments, the erosion occurs on a uniform but gradually flattening gradient. 
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This form of erosion pattern is consistent with the theory of sediment transport and can be 
modeled by it. Fread (1991) developed a physically based mathematical model. This breach 
model assumes that the eroded slope is parallel to the original downstream face of the dam, and 
the erosion rate is consistent with the assumption of steady uniform flow in the eroding channel. 
The following discussions will focus on the erosion of a cohesive embankment rather than that of 
a non-cohesive one. 


An earth embankment typically consists of an upstream and downstream slope of 2 or 3 
horizontal to | vertical and a level crest. Flow over the embankment, with minimal or no 
tailwater, progresses through three zones (Powledge et al. 1989): 1) beginning upstream in the 
calm reservoir, accelerating to a subcritical flow state over a portion of the embankment crest; 2) 
through critical flow on the crest, and supercritical flow over the remainder of the crest; and 3) 
supercritical flow on the downstream slope. The hydraulic stresses remain relatively low in zone 
1. Hydraulic stress increases through zone 2 due to the changing energy slope as the flow 
approaches the downstream end of the crest. In zone 3, the flow accelerates down the slope, 
increasing the shear stress on the slope to comparatively large values. Erosion begins when these 
forces exceed the forces resisting detachment of the exposed material. 


Determination of the erosion inception is based on a combination of the embankment geometry, 
depth of overtopping, vegetal condition, and embankment material. Powledge et al. (1989) 
observed that the erosion process begins most commonly at a point of slope discontinuity, such 
as the toe or base of the dam. However, depending on the condition and configuration of the 
embankment the initial erosion may begin anywhere within the supercritical flow region. The 
type of erosion that does occur is typically that of the formation of a headcut, or multiple 
headcuts, on the downstream slope (AlQaser and Ruff, 1993). This erosion pattern may be 
shown to be consistent with the stress pattern associated with acceleration of the flow on the 
slope. Once formed these headcuts tend to deepen, combine, and migrate upstream. This has 
been described for earth spillway erosion in terms of a three-phase process (Temple and Hanson, 
1994). These phases are vegetal cover failure, concentrated flow erosion, and headcut advance. 
When well-maintained vegetation exists on the embankment the headcut formation and 
migration process typically begins at the toe of the slope (Temple and Hanson, 1998; Ralston, 
1987) where high velocities impact the base material due to the sudden flattening of the slope. 
Erosion associated with phase one failure may also begin where other discontinuities in the slope 
or cover result in locally increased stress on the erodible material. AlQaser and Ruff (1993), in 
studies on bare soil embankments, observed the formation of multiple stair steps on the 
downstream slope and concluded that formation occurs when the shear stresses exceed the 
resistive forces of the material comprising the surface. 


Phase two of the erosion of headcut formation process begins when the vegetal cover fails or is 
non-existent, and ends when erosion is sufficient to cause plunging action in the flow with 
associated energy and stress concentrations at the base of the headcut. This results in the 
initiation of phase three, which involves both a headcut deepening and an upstream migration 
component. The beginning of phase three has been defined to occur when the overfall height is 
greater than the critical depth of flow (Temple and Hanson, 1994). As this p, ocess occurs, the 
flow regime transitions from open channel flow to a combination of open channel flow and 
plunging jets. Therefore, the stress environment cannot be defined only as a function of the 
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energy slope and depth, but must also include the stress distributions generated by the plunging 
jet. 


The point of initial erosion and the occurrence of an overfall on the downstream slope are 
important in breach timing and in understanding the processes and the forces involved. 
Experiments have been and are being conducted on the erosion process associated with 
overtopping. The purpose of this research is multi-faceted: 1) to understand the mechanics; 2) 
to determine the effects of materials and vegetation on the rate of headcut development and 
migration; and 3) to determine the effects of the erosion process on the breach hydrograph. This 
paper describes tests conducted on steep channels, 3.0 horizontal to 1.0 vertical, and the observed 
results. Vegetated and non-vegetated test results are contrasted, and the temporal and spatial 
variation of the observed erosion is described. 


EMBANKMENT TEST SETUP 


The experiments were conducted at 
the USDA-ARS Hydraulic 
Engineering Research Unit's E 
outdoor laboratory in Stillwater, : 
Ww 





Oklahoma, using an embankment 3 
m high and 37 m long constructed 
for use in these tests. The 0-4 
embankment was constructed from 











a locally borrowed sandy silt that ‘4 T ' r ; r 1 ’ --—s 
classed as a CL-ML soil under the oo 8 2 5 0 5S 0 5 0 15 
Universal Soil Classification Station (m) 


System, vith some of the samples figure 1. Schematic of cross-section view of 
classifying as ML. The plasticity embankment overtopping test set-up. 

index ranged from 0 to 7 for the 

samples tested. The soil was placed in 0.15-m horizontal lifts and compacted to an average 
density of 1.8 Mg/m’ at an average moisture content of 12%. Tests showed the optimum 
moisture content and density to be 12% and 1.9 Mg/m’ respectively. Jet tests (ASTM D5852- 
95) were conducted on 0.028-m’ laboratory-compacted samples and 0.028-m’ undisturbed 
samples to determine erosion resistance of the material. 


The embankment was initially constructed with slopes of 3 horizontal to | vertical both upstream 
and downstream, and a 2.4-m top width (Fig. 1). The embankment was constructed on a 
relatively impermeable erosion-resistant clay, sloping downstream at approximately 9%. After 
construction of this initial embankment, additional fill was placed on the upstream side to allow 
water to be delivered to six sections using an existing water delivery system. Trapezoidal 
channels | m wide and | m deep with 1:1 side slopes were cut through the crest and down the 
face of the embankment to contain the water during testing, and to allow separate tests to be run 
on each of the six sections. The embankment was initially used for testing the protective 
capability of bermuda grass as discussed by Temple and Hanson, (1998). These tests resulted in 
only minor damage to the portion of the embankment (test channels) used for the tests described 
herein. That damage was repaired prior to establishment of the fescue cover. The data gathered 
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from the two non-vegetated channels and the fescue grass-vegetated channels included centerline 
profiles of the water surface and channel bed, and velocity profiles at selected locations. The 
data collected from these tests provide insight on the erosion process in the bare condition, as 
well as the benefits of vegetation for increasing erosion resistance. 


RESULTS AND 
DISCUSSION 


The non-vegetated 
channels were tested for 





7 . ¥ 


Q = 0.2(m'/s) 

















a 
72 hours and 51 hours at 1.5 4 
discharges of 0.2 m/s 10 : 
and 0.6 m’/s, 
respectively. The fescue- i 05 ; 
vegetated channels were b) 0.0 +—+——4—_+__+— — 
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vegetated channel was 2 os . —o ee | 
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due to the extensive ©) 0.0 t t ————t i 
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damage to the channel. = 20 
Centerline profiles of the 
bed surface for each test 
provide significant 
information as to the 
nature of the erosion that 
occurred over _ the 
duration of the tests (Fig. 
2 a-d). The vegetated 
channels tested at 0.2 
m’/s (Fig. 2a) and 0.6 
m’/s (Fig. 2c) showed 
very little degradation 
over the 75-hour duration 
of the tests. The erosion 
that did occur was most 
significant in the lower Figure 2. Centerline Bed profiles over test duration a) 

reaches of the channel, ‘/egetated channel at Q=0.2 m’/s, b) Non-vegetated channel at 
with a maximum of 0.045 Q=0.2 m’/s, c) Vegetated channel at Q=0.6 m’/s, and d) Non- 

m and 0.040 m of vegetated channel at QO-0.6 m’/s. 

degradation occurring 

over 75 hours of testing for flows of 0.2 m’/s and 0.6 m’/s, respectively. This erosion occurred at 
about 4 m horizontal distance down the slope. This is near the toe of the slope, which was noted 
as the location of headcut development in previously tested vegetated channels (Temple and 
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Hanson, 1998). The non-vegetated channels tested at 0.2 m’/s (Fig 2b) and 0.6 m’/s (Fig 2d) 
showed significant damage over the 73-hours and 52-hour durations of the tests, respectively. 
The erosion began immediately upon flow initiation, with a maximum erosion of 1.0 m and 1.6 
m of degradation occurring over the duration of the tests for flows of 0.2 m’/s and 0.6 m’/s, 
respectively. The maximum erosion occurred near the upstream end of the test channels, 
immediately downstream of the embankment crest, in both cases. The degradation in the non- 
vegetated channel tested at 0.6 m’/s reached the original base foundation materials in the last 
recorded profile (Fig 2d) 


Velocity profiles taken at several stations during the tests give an indication of the effects of the 
vegetation and the degradation of the bare channels. Peak and average velocities are in Table |. 
The velocity profiles in the vegetated state were consistently the same throughout the tests. The 
velocities were lower within the vegetal boundary and increased significantly once above it. The 
maximum velocities were attained at the lower reaches of the channel. The velocity profiles in 
the bare earth channels changed rapidly as erosion occurred. The measured velocities decreased 
at certain locations by as much as 500% because the flow changed from uniform open channel 
flow to a plunging jet. These changes in flow direction present some problems in measurement, 
because it was not always possible to align the pitot tube being used with the mean flow at the 
point of measurement. Even though these measurements are not representative of the true 
velocities and energy in the flow, they do show that the flow patterns changed significantly due 
to the degradation occurring in the channel. 


Table 1. Summary of Tests. 








Test # l 2 3 4 
Vegetation Fescue None Fescue None 
Discharge (m’/s) 0.2 0.2 0.6 0.6 
Ave Flow Depth (m) 0.17 0.07 0.24 0.13 
Mean Velocity (m/s) 2.6 3.0 4.5 5.4 
Peak Velocity (m/s) 4.6 43 6.0 6.1 
Test Duration (hrs) 75 72 75 51 
Critical Specific Head (ra) 0.3 0.3 0.7 0.7 





The rate of erosion was not uniform over the length of the channel as shown in Figure 3. The 
average erosion rates over the entire duration of the flow were relatively high in the upstream 
reaches and low in the downstream reaches for the bare channel tests. The maximum time 
averaged rate of erosion for the 0.6 m’/s flow rate test was 0.03 m/h, and for the 0.2 m’/s flow 
rate test was 0.015 m/h. The rates were greater at the locations of discontinuities with the 
highest rate at the most upstream discontinuity. The maximum overall erosion rate for the 
vegetated channels was essentially the same for both tests, 0.0006 m/h. 
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the headcut. The erosion rates at 
horizontal locations of 1.22, 2.13, and 
3.05 m_ confirm this, with rates 
increasing to 0.10 to 0.15 mh at 47 
hours and then decreasing to 0.01 m/h 
at 52 hours. This reduction was due to 
the fact that the exposed foundation 
the placed material. The erosion rate at 
station 1.22 m for the 0.2 m’/s flow rate 
the end of the test because of the 
action of the jet. The overfall at this 
location had reached a height of 1.0 m 
when flow was stopped. 


SUMMARY 


Erosion due to embankment dam 
overtopping is important because of the 
potential inipacts that a dam breach may 
have on people and property 
downstream. The present investigation 
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embankment overtopping erosion during initial stages of overtopping, both in the vegetated and 
non-vegetated condition. The experiments were conducted at the USDA-ARS Hydraulic 
Engineering Research Unit’s outdoor laboratory in Stillwater, Oklahoma, using an embankment 
3 m high and 37 m long with a 3:1 downstream slope. The embankment was constructed from a 
locally borrowed sandy silt (CL-ML). Trapezoidal channels | m wide and | m deep with 1:1! 
side slopes were cut through the crest and down the face of the embankment to contain the water 
during testing, and to allow separate tests to be run on each of the six sections. Data gathered 
from two non-vegetated channels and two fescue grass-vegetated channels, including centerline 
profiles of water surface, bed elevations, and flow velocity profiles, are described in detail. The 
data collected from these tests provide insight to the erosion process in the bare condition, as 
well as document the benefits of the vegetation for erosion resistance. 


One non-vegetated channel and one vegetated channel were tested using a flow of 0.2 m’/s, 
which is equivalent to approximately 0.2 to0.3 m of overtopping head. The other two channels 
were tested at a flow of 0.6 m’/s, equivalent to approximately 0.6-0.7 m of overtopping head. 
There was very little observed erosion in the vegetated channels for 75 hours of testing. The 
erosion that did occur was near the toe of the slope. The erosion in the non-vegetated channeis 
was significantly greater, resulting in termination of the 0.6 m’/s test after 52 hours. The 
maximum observed erosion was near the crest of the embankment, resulting in development of 
near-vertical overfalls. At the termination of these tests, the non-vegetated channel tested at 0.2 
m’/s had a classical stair-stepped appearance, and the section tested at 0.6 m’/s had a single 
headcut. In both cases the highest vertical step at termination of the tests was at the crest. 


These tests confirm the benefits of well-maintained vegetation in an embankment environment. 
The tests also confirm that erosion does not progress uniformly, with continuously degrading 
slopes or slopes parallel to the initial slope. Rather, the erosion develops into stair-stepped 
overfalls (headcuts), migrating upstream and scouring downward in a highly turbulent 
environment. 
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COMPUTATION OF SEDIMENT EROSION FROM THE BASE OF 
CUT BANKS IN RIVER BENDS 


By J. W. Kean, Hydrologist, U.S. Geological Survey, Boulder, CO; 
J. Dungan Smith, Hydrologist, U.S. Geological Survey, Boulder, CO 


Abstract: This paper presents an approximate method for computing the boundary shear stress 
distribution on the cut banks and beds of meandering rivers. Such systems typical!y have cut 
banks that are irregular in planform geometry and the proposed method permits bank 
irregularities to be included in the computation of boundary shear stress and sediment transport 
at the base of the cut bank. Results are presented for a hypothetical meander bend containing 
bank irregularities that is typical of bends in the Clark Fork of the Columbia River in the Deer 
Lodge Valley of Montana. 


INTRODUCTION 


Computation of the rates of removal of sediment from the bases of cut banks in rivers is required 
for determining rates of cut bank erosion, and a comprehensive knowledge of the boundary shear 
stress distributions near the cut banks is necessary for these sediment transport calculations. 
Moreover, natural cut banks are irregular in planform geometry and the effects of bank 
irregularity in reducing flow in the neighborhood of the toes of banks must be taken into account 
in cut bank erosion calculations. We have developed methods for dealing with these facets of 
cut bank erosion over the past several years, and they have been applied to analyze the rapidly 
eroding cut banks on the Clark Fork of the Columbia River in the Deer Lodge Valley of 
Montana. To accomplish this task for meandering rivers, an algorithm for computing the form 
drag on bank irregularities and an algorithm for computing the near-bank boundary shear stress 
have been combined with a model for flow in a curved channel of prescribed curvature and bed 
topography. 


BANK FORM DRAG ALGORITHM 


Bank irregularities are approximated in planform geometry by a sequence of Gaussian shapes 
with appropriately chosen sequences of heights, spans, and spacings. These are attached to a 
more broadly curved basic channel boundary. The form drag on each of these Gaussian 
topographic elements is calculated in a streamwise averaged manner and separated from the 
spatially averaged shear stress primarily responsible for the forces on sediment particles 
comprising the banks. Drag on each topographic element is determined by calculating the 
velocity field at the site of the topographic clement using a virtual-origin-adjusted wake and a 
growing internal boundary layer resulting from the upstream element and an appropriate drag 
coefficient. Drag coefficients were determined from laboratory measurements (Hopson, 1999) 
and the method for calculating the virtual origin adjustment was developed using laboratory data. 
The entire procedure for calculating drag on the Gaussian topographic elements was tested using 
laboratory measurements (Kean, 1998). As a consequence of determining the drag on the 
topographic elements, the spatially averaged total wall roughness length, y,, is determined. This 
value is used in the near-bank shear stress algorithm, which is described below. 

















Proceedings of the Seventh Federal Inerag.ncy Sedimentation Conference, March 25 to 29. 2001, Reno, Nevada 


wont hy 


/ 
YY 
















ec 


SLITS 

















Figure 1. Diagram of orthogonal ray-isovel grid. 


NEAR-BANK BOUNDARY SHEAR STRESS ALGORITHM 


For steady, horizontally uniform flow in channel a force balance exists between friction along 
the wetted perimeter and the downstream component o/ the weight of water in the channel. A 
similar force balance exists for the friction along an incremental length of the wetted perimeter 
and the downstream component of the weight of a fraction of the water in the channel. This 
balance can be expressed in terms of shear stress in a manner similar to the familiar equation for 
the average boundary shear stress in the entire channel by the equation 


t, =-pgsa,/p, (1) 


where p is the density of water, g is the acceleration due to gravity, S is the channel slope, r, is 


the average boundary shear stress along the length of wetted perimeter, p,, and A, is the fraction 
of the cross-sectional area that produces this shear stress. 


The mixing processes, which distribute fluid stress throughout the channel, act along lines (rays) 
perpendicular to lines of constant velocity (isovels) as shown in Figure 1. The rays, which are 
perpendicular to the boundary and extend to the water surface, define streamwise surfaces of 
zero shear. The area, A,, responsible for producing the shear on a section of boundary of length 
P», is simply the area between two rays separated by a distance p, along the boundary. 


The shape of the rays in channels with well-defined corners between two boundaries, such as 
rivers with cut banks and rectangular and trapezoidal channels, is controlled by the location of a 
primary ray which originates from the corner and has nearly constant slope to the water surface. 
The rays from both boundaries defining the corner begin perpendicular to the boundary and 
eventually become tangent to and join the primary ray. The slope of the primary ray controls the 
distribution of shear stress between the two boundaries making the corner and is a function of the 


V-R 
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relative roughness of the two boundaries. In a rectangular channel having the same roughness on 
the bed and the wall, the angle of the primary ray from the corner is 45 degrees. As a result, the 
shear stress distribution on the bed and wall near the corner will be the same. If the roughness on 
the walls of the channel is greater than the roughness of the bed, the primary ray will be pushed 
away from the bank, resulting in a lower shear stress on the bed and a higher shear stress on the 
wall. 


Shimizu (1989) developed a physically based numerical model that calculates the ray, shear 
stress, and velocity fields in rectangular channels with known bed and bank roughnesses. The 
together with equations for the appropriate eddy viscosity field. A draw back to this model is 
that it is computationally very intensive. The computational difficulty arises from the fact that 
the momentum equation is best solved in orthogonal y-z space, while the eddy viscosity must be 
solved in an orthogonal ray-isovel grid that is not known apriori. 


An alternative approach consistent with the results of Shimizu is presented here. It has the 
advantage of being substantially less complex while still capturing the essential physics of the 
problem. The approach involves an approximate means of calculating the orientation of an 
essentially linear primary ray and uses an empirically developed equation for the shape of the 
other rays to calculate the distribution of boundary shear stress in the channel. This equation is 
developed such that the rays and resulting shear stress distribution are in reasonable agreement 
with the numerical results by Shimizu. The ray equation is a function of the width of the channel 
and the slope of the primary ray, which itself, is determined by the relative roughnesses of the 
bed and the wall. Given the roughnesses of the wall and the bed, the model first calculates the 
angle of the linearly approximated primary ray. As a result of employing an empirical equation 
for the rays, it is possible to have an analytic expression for the boundary shear stress along the 
bed and wall. This expression is found by taking the limit of A/p, as p,; goes to zero, where, A, is 
the area between two empirical rays separated by a distance p, along the boundary. 


The empirical function for the rays is described in a x'- y’ coordinate system normalized by the 
depth of the flow. This coordinate system is mapped to the boundary of the channel such that the 
y’ -axis is parallel to the boundary. If the rays are to be calculated for the wall of the channel, 
the y'-axis corresponds to the y-axis of the channel. Allternatively, if the rays are to be 
calculated for the bed of the channel, the y’ -axis for the rays corresponds to the z-axis of the 
channel. The equation for the primary ray is simply y’ = mx’, where m is the slope of the 
primary ray in the x’ - y’ coordinate system. The function for the rays has the form 


y wax’ ‘+b (2) 
where, a=(mx,-b)/x' and 


c=l+p"" 
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Figure 2. Diagram of method for determining the primary ray. The rays A, and A, are approximated to be linear. 


In these equations, b is the non-dimensional distance from the origin to where the ray meets the 
boundary, and x, corresponds to the location where the ray joins the primary ray and is, itself, a 
function of b and m. 


The method used to calculate the slope of the primary ray is demonstrated in Figure 2. For a 
given point on a linear ray, the shear stress on the bed (r,_) and wall (r_.) are given by the 
following equations 

Tae = ~P RSA, (3a) 

Tae = ~PRTh, (3b) 


where A, is the length of the ray from the bed to the primary ray, and A, is the length of the ray 
from the wall to the same point on the primary ray. Assuming that the velocity profiles coming 
off the bed and wall are logarithmic, the velocity at any point along the corresponding rays for 
the bed (1.1) or wall (u,.u) are given by the equations 


/ 
sot Pig = (4a) 
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where & is von Karman’s constant (0.408). Equating u,4 and uv, at the same point where they 


(ate) 
in — 
Sue — Ze (5) 
T nel h, in Me 
. eo 








Because the actual wall and bed rays have less curvature farther from the corner, the linear ray 
approximation works best if u.4 and uy are equated at the point on the primary ray where it 
meets the water surface. Substituting the depth of flow for h,, (5) can by solved numerically for 
h,. For channels with vertical banks, the ratio 4h, is the slope m of the primary ray. For 





To illustrate the significant effect large-scale roughness has on the distribution of near-bank 
boundary shear stress, a comparison is made between the stress in hypothetical vegetated and 
unvegetated channels having similar dimensions and roughness sizes as those found in the Clark 
Fork River in the Deer Lodge Valley. In this example, the cross-section is rectangular with mean 
depth, A,, equal to 0.84 m. More general cross-sections will be treated in a later example. The 
bed material is made up of cobbles with Dy, = 1 cm (z,5¢ = 0.1 cm). The bank material of both 
channels consists of gravel and cohesive sediments having a roughness length equal... the bed 
roughness. In addition to this roughness, the vegetated channel contains willow shrubs 
considered to be regularly spaced 6 m apart. The root balls of these trees extend | m into the 
flow and can be approximated as Gaussian curves. Using the bank form drag algorithm, the total 
roughness length of the vegetated channel! is calculated to be 8 cm. The slope of the primary ray 
for the unvegetated channel (y,/z, = 1.0) is 45 degrees. The increased wall roughness in the 
vegetated channel (y,/z, = 79) pushes the primary ray away from the bank to an angle of 16 
degrees from horizontal. The increased friction on the walls of the vegetated channel 
significantly reduces the near-bank bed shear stress from that of the unvegetated channel as 
shown in Figure 3. 








COUPLING TO CURVED CHANNEL FLOW MODEL 


The near-bank boundary shear stress algorithm is imbedded into the curved channel flow model 
of Smith and McLean (1984). This model assumes frictionless banks which do not affect the 
flow. Coupling the near-bank algorithm to this model must be done in a way that is fluid 
mechanically consistent with the underlying assumptions of the model. The curved channel 
model was constructed using a regular perturbation expansion founded on an interior flow 
scaling. The fncticua!l near-bottom flow could have been included in the model in two ways. 
The most mathematically consistent way requires a singular perturbation theory, which would 
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match the turbulent boundary layer to the interior velocity field above each point on a spatially 
variable bed. This method is only practical for the geophysically uninteresting case of a flat bed. 
The second, and more practical way, is to impose the velocity field for the fully frictional flow 
on the inviscid interior, which results in a velocity field that is accurate to first order. 


Consistent with the original formulation of the model, a frictional boundary layer can be added 
next to the vertical banks. This is similar to matching a frictionally dominated near-bottom flow 
to the nearly inviscid outer flow. A mathematically consistent approach, following a singular 
perturbation theory, would require matching the inner and outer velocity profiles along each 
isovel-perpendicular ray. This approach is impractical and can be avoided to first order, in 
analogy with the procedure of the curved channel model, by imposing the boundary layer 
structure on the interior flow. The approach is further approximated by imposing the wall 
boundary layer only a distance 0.2 L into the flow, where L is the length of the primary ray. 
Beyond 0.2 L, the friction is taken to be due to the bed only as in the original curved channel 
model. This approximation reduces the calculation time without much loss of accuracy. 

















Figure 3. Comparison of near-bank boundary shear stresses in a hypothetical channel with and without large-scale 
roughness due to vegetation. Shear stress is normalized by the depth-slope product, t}, which equals pg h, S. The 
distance from the bank is normalized by the depth at the cut bank, which, in this case, equals h,. The form drag 
created by the vegetation reduces the boundary shear stress a distance of h,/2 away from the bank by 71%. 














Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 











A B 
Figure 4. Bottom topography and planform geometry of a bend series typical of the Clark Fork River. Bed 
elevation contours are non-dimensionalized by the mean depth, 4,, which was 0.84 m. The mean width, w,, is 19.3 
m, and the half wavelength measured along the channel centerline, m,, is 383 m. The planform geometry 
corresponds to sine-generated curve with Q = 100 degrees. The bank irregularities due to vegetation are not shown. 


APPLICATION TO THE CLARK FORK RIVER 


The results of this coupled model are given for a repeating series of meander bends of the 
structure shown in Figure 4. These bends approximate a series of 10 bends in the Clark Fork 
River in the upper Deer Lodge Valley. The banks and the bed of the model channel have the 
same skin-friction roughress lengths as in the previous example. In addition, the modeled banks 
are shaped as if vegetated with equally spaced willow shrubs 6 m apart. The scale in which the 
root balls extend into the flow is taken to approximate bank undercutting and slumping 
processes. High cut banks with willows are more prone to undercutting and slumping than low 
banks, and hence, tend to have root balls that extend further into the flow. In order to 
approximate this effect, the protrusion distance into the flow is taken to be proportional to the 
local flow depth at the base of the cut bank. At the deepest point along the cut bank, the root 
balls are modeled to extend 0.6 m into the flow. At the crossing (s/m, = 1.0), where the local 
depth is half of the maximum value, the roughness elements extend only 0.3 m into the flow. 
Figure 5 shows the distribution of the wall and near-wall bed shear stresses along the bank of one 
full meander and compares these values to the value of bed shear stress in a channel containing 
no vegetation and having frictionless walls. Bed load transport is dependent on the magnitude of 
the boundary shear stress to approximately the 3/2 power, and erosion depends on the divergence 
of the bed load transport rate. This comparison, therefore, demonstrates the importance of 
including form drag produced by bank irregularities in models that are to be used to calculate 1) 
cut bank erosion and 2) the geomorphic properties of bends in meandering rivers. 
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Figure 5. Comparison of wall and near-wall bed stresses for a channel with and without wall friction. The stresses 
are shown for the left side of the channel in Figure 4b. Flow is at bank full (Q = 31.2 m’/s). The wall friction is due 
to skin friction and form drag from vegetation. The wall stresses are at half the local depth, and the bed stresses are 
at a distance 0.1 L away from the wall. Stresses are normalized by the depth-slope product for the channel without 
wall friction (S = 0.0024). The form drag of the vegetation along the cut bank produces high wall shear stress, 
which significantly reduces the near-bank bed shear stress. For much of the channel length, the near-bank bed stress 
is albout 50% less than the bed stress that would be there if there were no wall friction. 


SUMMARY AND CONCLUSIONS 


The importance of including bank irregularity in models designed to provide boundary shear 
stress for near-bank sediment transport and bank erosion is demonstrated using 2 bend typical of 
meander sequences in the Clark Fork of the Columbia River in the Deer Lodge Valley, Montana. 
The effects of bank irregularity are included in our model using a boundary layer on vertical and 
near vertical banks that includes form drag on sequences of bank protrusions using sequences of 
Gaussian shapes. This approach permits a fluid mechanically consistent model that can be 
usefully applied to natural bends and series of bends in meandering rivers. 
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Abstract: Despite numerous bank erosion rate studies, there is a distinct lack of information on bank erosion 
events, especially their temporal distribution in relation to the controlling forces. To help tackle these . oblems, this 
paper describes the first automatic erosion monitoring technique to be developed - the Photo-Electromc Erosion Pin 
(PEEP) system - which can help to clarify the magnitude, frequency and timing of individual bank erosion events. It 
reports recent improvements to the technique, including increased appropriateness for larger-scale sites, enhanced 
installation flexibility, and addition of thermistors for temperature monitoring. Example bank crosion event 
sequences from the active R. Wharfe, UK, in 1996-97 are related to flow, bank temperature, turbidity and 
suspended sediment concentration series. These show how the PEEP system can for the first time (a) quantify the 
impact of individual, rather than aggregated, flow events (b) reveal the full complexity of bank response to given 
driving forces; and (c) help to disentangle competing ideas on the dominant processes responsible. The concept of 
thermal consonance timing (TCT) to fine-tune the timing of erosion events is also introduced. The paper also calls 
for further technical research to develop new methods for the automatic and continuous monitonng of erosion and 
nant 
INTRODUCTION 

Bank erosion processes are still not well understood or specified in river dynamics and sediment flux models. The 
field is particularly complicated by the operation of both fluvial and non-fluvial erosion processes in channel 
systems, the change in bank material erodibility over different timescales which induces complex bank responses to 
similarly-sized flow events and - the specific focus here - the lack of bank erosion data at the event timescale. The 
main goals of this short paper are to: (1) describe the Photo-Electronic Erosion Pin (PEEP) automatic crosion 
monitoring system, including recent improvements; (2) demonstrate its potential to establish more clearly the timing 
of individual bank erosion events; and (3) outline the general importance of automatic erosion and deposition 

and the need for further technical research to address this need. Exaniples below are drawn from the 
LOIS project results. 


The need for an automatic erosion monitoring technique: When studying erosion systems, we rely on the 
availability of continuous, automatically-monitored data on, for example, stage, discharge, precipitation intensity 
and turbidity recorded with pressure transducers, automatic raingages and turbidity meters. However, the weakest 
part of the investigation is likely to be the monitoring of the erosional or depositional change itself. Because of the 
limitations of existing measurement methods, little knowledge has yet emerged of the dynamics of bank erosion and 

ition events at a time resolution comparable to that available for flow and sediment transport rates (Lawler, 
1992). Conventional, manual, field monitoring methods (¢.g. erosion pins or cross-section resurveys (Lawier, 
1993)) merely reveal net change in the position of a bank or gully surface since the previous measurement: they do 
not quantify the precise temporal distribution of that change. This means that erosion event timing and the precise 
bank response to individual flow ot meteorological events is generally uncertain. Clearly, bank erosion process 
explanations and model building and testing efforts will be more securely based when (a) the full episodicity of 
bank change is detected, including event timings and (b) information on specific erosion and deposition events can 
be related to continuous information on the temporal fluctuations in the suspected driving forces. 


THE PHOTO-ELECTRONIC EROSION PIN (PEEP) SYSTEM 

The Photo-Electronic Erosion Pin (PEEP) system was originally developed im the early 1990s to help address these 
measurement problems (¢.g. Lawler, 1991, 1992). The PEEP sensor is a simple optoelectronic device containing a 
row of overlapping photovoltaic cells connected in serves, and enclosed within a waterproofed, transparent, acrylic 
tube of 12 mm LD. and 16 mm 0.D. (Fig. 1A). The sensor generates an analogue voltage proportional to the total 
length of PEEP tube exposed to light. A reference cell is used to adjust outputs for variations in light intensity (Fig. 
1A). Small networks of PEEP sensors are normally inserted into carefully pre-augered holes in the bank face, and 
connected to a nearby datalogger set to record PEEP mV outputs at 15-min intervals, though any frequency is 
possible (Fig. 1B). Most dataloggers are compatible with PEEPs. Subsequent retreat of the bank face exposes more 
cells to light, which increases sensor voltage output (Fig. 1B). Deposition reduces voltage outputs. Data recovered 
from the logger thus reveal the magnitude, frequency and timing of individual erosion and deposition events much 
more clearly than has been possible before (Lawler, 1992), as will be shown below for LOIS project sites (Fig. 2) 
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Figure 1: The Photo-Electronic Erosion Pin (PEEP) erosion monitoring system: (A) The PEEP sensor, which now 
includes two reference cells and two thermistors, (B) typical installation of a PEEP sensor and datalogger assembly 
at a river bank site 
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Table 1. Advantages and potential of the Photo-Electronic Erosion Pin (PEEP) sensor 








Advantages Potential 
* No power needed; PEEP based on solar cells * Temporal distribution of erosion established more clearly 
* Reference cells normalise for light levels * Process inference and model testing stronger 
* Easy to connect to dataloggers * Threshold identification more definitive 
* Simple and reasonably robust * Magnitude-frequency analysis more comprehensive 
* Tempevature and light monitoring capability * Relation of erosion to sediment dynamucs possible 


* Sufficiently inexpensive for networks (¢.g.4-8) | * Erosion-warning capability via telemetry systems viable 
* Applicable to many erosion/deposition contexts §° Real-time monitoring for research or management 





Research is proceeding, however, to address certain limitations of PEEP systems. For example, being a visible-light 
system, nocturnal events are not detected until the following morning, although temporal resolution is still much 
better than with traditional manual methods. Data gaps at night could be plugged with programmed bursts of 
artificial light. Also, as with traditional erosion pins, PEEPs are invasive (although their small size minimises this), 
and they may be less suitable for gravel materials or for large mass-failure situations. The addition of data 
transmitters to PEEP sensors will obviate the need for cabling axd backfilled access hoies (Fig. 1B). Some PEEP 
data are occasionally lost or degraded in low-light conditions, or when the bank is covered by snow, snagged 
vegetation or highly turbid water. 
METHODS 

aie Sede TOME, sandy, 1990 200 research reported here was undertaken as part of the UK Land-Ocean 
Interaction ) study, 1994 - 2000. The aims of LOIS were to understand the fluxes and dynamics of 
sediments, contaminants and nutrients from the land surface (northe-n England) to the ocean (North Sea) (¢.g. Leeks 
et al., 1997). We focused bank monitoring on the fluvial and estuarine part of the Swale-Ouse-Wharfe river system 
in northern England (Fig. 2) from January 1996 - April 1998. This short paper concentrates solely on the kK. Wharfe 
PEEP site at Easedike, for which flow and suspended sediment concentration data are available from Tadcaster, 2 
km downstream (Fig. 2). At Tadcaster, the Wharfe drains an area of 818 km’ (Webb et al., 1997), including part of 
the Pennine Uplands, and it is a largely rural, cool, humid temperate basin (Jarvie et al., 1997). Average annual 
precipitation (1961-1990) is 1139mm, rising to over 1500mm in the headwater areas. Bank materials are fine- 
grained. 
methods: A total of 26 representative fine-grained eroding bank sites (16 fluvial; 10 estuarine) were 
monitoring (Fig. 2). Gnd networks of ~30->100 erosion pins were installed and re-read at ~20- 
day intervals for between | and 2.25 years. Repeat survey was used to quantify major changes in bank position. For 
a clearer picture of erosion events, we deployed the Photo-Electronic Erosion Pin (PEEP) automatic erosion- 
monitoring system at up to six strategic points at eight key bank sites near LOIS Core Monitoring stations (5 fluvial, 
3 estuarine) (Fig. 2). We focus here simply on example PEEP results for the site at Easedike, for which continuous 
flow, turbidity and suspended sediment concentration data were available at nearby Tadcaster (Fig. 2). All sensors, 
including PEEPs, were connected to Campbell-Scientific CR1OX dataloggers programmed to scan at |-minute 
intervals and store data as 15-minute means. An Automatic Water Sampler was used within the LOIS Core 
monitoring programme to assess temporal chauges in suspended sediment concentration (SSC) and for turbidity 
meter calibrations (Leeks et al, 1997). Flow and meteorological data were obtained from nearby UK Environment 
Agency stations. All timings are in GMT (Greenwich Mean Time). 

EXAMPLE BANK EROSION EVENT SEQUENCES 
Erosion : This was one of the most comprehensive river bank erosion investigations ever undertaken, in 
terms istic basin approach adopted, the number of sites and points monitored, and the temporal resolution 
of measurement achieved. Around 15,000 manual erosion pin measurements were made over the 2.25-year 
monitoring period, plus | 5-min PEEP readings. Some early data are published in Lawler et al. (1999) and Mitchell 
et al. (1999). 


Much bank erosion took place in discrete, episodic events, rather than as a slower, continuous process. Moreover, w 
most cases, these bank erosion events were virtually instantaneous, and generally took less than 15 minutes to be 
completed (ic. the logger scan imterval). This underlines the need to adopt an automatic (quasi-) continuous 
approach to the monitoring of erosion in fluvial and other systems. Space permits here a brief focus on two example 
bank erosion events at Easedike (Fig. 2) to illustrate the how the PEEP system can clarify bank crosion event 


tumings with respect to the hydrograph 
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with Easedike PEEP site (station 16) and Tadcaster gaging station (L6) on the River Wharfe 


November 1996 Event: Fig. 3 illustrates a typical PEEP diurnal data sequence. The sudden increase in PEEP series 
outputs, with respect to a largely constant reference cell clearly reveals that 2 large (>150 mm) erosion event 





08.15 h on Novermber 7 (Fig. 3), ic. around the time of the flow and suspended sediment concentration peak. 


Thermal Consonance : Although defining the ‘erosion event window’ as above is very useful, and a 
improvement over conventional methodologies, the moment of material removal can be further fine- 
tuned through what we term thermal consonance timing (TCT). PEEP sensors carry two thermustors, one at the bank 
surface and one at 68 mm depth (Fig. 1B). Under normal conditions, micrometeoroiogical theory and empirical data 
suggest that thermal! regimes at the soil surface (which acts as a radiation exchange surface) are much more extreme 
than at depth. This is precisely what we record: note how, before the November 6 flood, bank surface temperatures 
tend to be higher during the day and lower during the night than the bank interior (¢.g. November 1-6, Fig. 3). 
However, once erosion ‘exposes’ both thermistors so that they experience very similar microclimates, thermal 
differences are minimised and the therrustors achieve thermal consonance. The time when thermal consonance is 
first established, therefore, reveals the precise moment of material removal. This is especially useful for those 
not produce strong signals (¢.g. when in nocturnal ‘sleep’ mode or if inundated by turbid 
the temperature difference time seres (¢.g. Fig. 3) reveals when thermal consonance has 


| hour before the suspended sedinent concentration peak, and 2 hours before the flow peak. In this case, therefore, 
at least 68 mm of the 150 mm bank erosion recorded was achieved as a rising limb event. Data on the timing of 
material removal with respect to the hydrograph can help to understand the “inimum stresses required for 


February 1997 Evest Figure 4 shows a triple-peaked hydrograph event in February 1997, along with time series 
erosion, suspended sediment concentration and bank temperature The clear increase in PEEP outputs 
after the 18 February flow event indicates bank erosion of 140mm (Fig. 4). The increase in PEEP back reference 
cell outputs confirms this. A key point, however, is that bank erosion was a delayed retreat incident, occurring at 
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least 6 hours after the flow peak of 12.45 h on February 18 (Fig. 4). The PEEP data place the crosion event in the 
latter stages of the recessional limb of the first hydrograph rise, during a 13.5-hour nocturnal event ‘window 
between 19.00 h on February 18 and 08 30 h on February 19 (Fig. 4). TCT evidence is not as conclusive here as for 
the November 1996 event above. However, it suggests that the main bank retreat occurred towards the end of this 
window, as indicated by the arrow in Fig. 4, within a 6-hour period between 02.15 h and 08.15 h on February 19, 
and probably just before 08.15, ic. between 13 and 19 hours afer the discharge peak. Further erosion (> 20mm) 
then took place during the second flow event on February 20 (Fig. 4). This is again confirmed by maximum outputs 
from the back reference cell. 

Delayed retreat events, well after the discharge peak, suggest that direct fluid entrainment is not the main erosion 
process in this case. Instead, such delays are usually taken as the signature of a mass failure or bank collapse 
process, and reflects either the removal during or following the hydrograph recession of transient latera! buttressing 
support to the bank provided by the flood waters themselves, or tume-lags in the attainment of the crntical pore-water 
ae ee Saree SS eee Saree PS Lawler et al, 1997b). Although there is some 
anecdotal evidence in the literature to suggest that delayed bank retreat events can occur, it is significant that the 
PEEP data are able to quantify such delays to confirm the phenomenon. Thus, PEEP data on erosion timing can help 
to suggest or eliminate certain controlling processes. Future parallel investigations of the variables driving such 
mechanisms should therefore provide a method of evaluating competing hypotheses, and testing erosion and 
sediment transport models 


DISCUSSION AND CONCLUSIONS 

This application of the PEEP system to a large river system has demonstrated that bank erosion event details can be 
determined much more clearly with this technique than was possible hitherto - especially the magnitude, frequency 
and timing of erosional and depositional activity in relation to fluctuations in river flow and hydrometeorological 
conditions (Figs 3 and 4). The study has yielded new and hitherto elusive information on the time-dependent 
behaviour of bank erosion. The two sequences show how the PEEP system can (a) quantify the impact of individual, 
rather than aggregated, forcing events, (b) reveal the full complexity of bank response to flow sequences, and (c) 
help to identify likely driving processes. The occurrence of delayed bank retreat events, up to 19 hours after the 
flow peak and indicating mass failure processes rather than fluid entrainment mechanisms, has been confirmed and 
quantified. 


Further examples of how the PEEP system improves the temporal resolution of erosion and deposition monitorng 
on the banks of other rivers can be found in Lawler (1991, 1994; Lawler et al., 1997a, 1997c). PEEP systems have 
ditches and artificial channels (e.g. Mitchell et al., 1999; Prosser et al. 2000; Stott, 1999). 

Such high-resolution information on the temporal distribution of bank erosion is vital to a sound process 
understanding of: the mechanics of bank instability, the fate of failed material, basal clean-out cycles, and the 
delivery and storage of bank sediment to river systems, especially tume-lags between hydrograph peaks, erosion 
events, and sediment injection to rivers. In particular, given the importance of knowing the timing of inputs and 
outputs, coupling PEEP systems with concurrent flow and turbidity monitoring (¢.g. Figs 3 and 4), should help in 
future studies to evaluate the relations between erosion, sediment supply and sediment transport in fluvial (and 
other) systems. 

There is an urgent need for further research, however, to refine existing techniques and to develop new methods for 


the continuous monitoring of erosion and deposition events in many geomorphological contexts. Such research 
could usefully exploit recent developments in micro-electronics, communications and data acquisition systems. 
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Figure 3. PEEP series showing bank erosion event, flow, suspended sediment 
concentration (SSC) & bank temperature series: the R.Wharfe at Easedike, UK, 


October 31 - November 18 1996 
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SCIENTIFIC BASIS FOR STREAMBANK STABILIZATION USING RIPARIAN VEGETATION 
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infiltration capacity. Though many 

and Rutherford, 2000) few 

northern Mississippi to quantify the separate and combined hydrologic and mechanical 

n iden a common process in incised 

river ¢ hich are found Rinaldi, 2000). An 

wmportant feature of bank stability in deeply incised channels is the significance of negative pore-water pressure 

(matric suction) above the water table in maimuaiming sufficient soil strength to withstand destabilizing forces 

(Casagh et al, 1997, Simon and Curini, 1998, Simon ef al, 1999). The strength of saturated soil can be described 
by the Mohr Coulomb crite yon 

ty O-p,) tang” (1) 

where t, ~ shear stress at failure (kPa), c “effective cohesion (kPa), o = normal stress (kPa), 4, ~ pore. water 


pressure (kPa), and @ = effective angle of mternal friction (degrees) 


Matric suction (negative pore-water pressure) above the water table has the effect of mcreasing the apparent 
cohesion of a soul Fredbund et al. (1978) defined a functional relationship increasing sou! strength with increasing 
matric suction. The rate of increase is defined by the parameter ¢°, which is generally between 10° and 20°, with » 
maxumum value of ¢ wonder saturated conditions (Fredlund and Rahardjo, 1993) Apparent cohesion incorporates 
both electrochemical bonding within the soi! matrix and cohesion due to surface tension on the ai-water mterface 
of the unsaturated so! 
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Co = C' + (pe- Hy) tan 9” = c+ tang’ (2) 


wheit c, = apparent cohesion (kPa); 4 = pore-air pressure (kPa); and w = matric suction (kPa). 
The term ¢° varies for all soils and for a given soil with moisture content (Fredlund and Rahardjo, 1993; Simon ef 


ai., 1999). Data on ¢° are particularly lacking for alluvial materials. However, once this parameter is known (or 
assumed) effective cohesion (<’) in the soil can be estimated by measuring matric suction with tensiometers or other 
devices and by using equation 2. 

Effects of vegetation on bank stability Soil is generally strong in compression, but weak in tension. The fibrous 
roots of trees and herbaceous species are strong in tension but weak in compression. Root-permeated soil therefore 
makes up a composite material that has enhanced strength (Thorne, 1990). Numerous authors have quantified this 
enhancement using a mixture of field and laboratory experiments. Endo and Tsuruta (1969) used in situ shear boxes 
to measure the strength difference between soil and soil with roots. Wu (1984) and Gray and Leiser (1982) used 


laboratory-grown plants and quantified root strength in large shear boxes. Wu ef al., (1979) developed an equation 
that estimates the increase in soil strength (c,) as a function of root tensile strength, areal density and root distortion 


during shear: 





c, = T,{A,/ A) (cos@ tan $+ sin@) (3) 


where c, = cohesion due to roots (kPa); 7, = tensile strength of roots (kPa); A,/A = area of shear surface occupied 
by roots, per unit area (root-area ratio); @ = shear distortion from vertical (degrees); and ¢ = friction angle of soil 
(degrees). 

Root tensile strength can be measured in the laboratory o7 field and is highly variable, with typical values in the 
thousands to millions of Pa (see Greenway, 1987, for a comprehensive review of published data). Most authors note 
a non-linear inverse relationship between root diameter and strength, with smaller roots contributing more strength 
per unit root area. Our current research indicates, however, that although stronger per unit area than larger roots, 
great numbers of small roots still may lack sufficient total area to contribute significantly to increases in c,. It is 
unclear whether the optimum species for bank stabilization are grasses and herbaceous plants, rather than trees. 
Clump grasses such as Vetiver (Vetiver zizinades) and eastern Gamma grass (Tripsacum dactyloides), which have 
proved successful in reducing surface erosion (Dabney ef al., 1997), have been advocated as potential bank- 
stabilizing species, in addition to woody riparian covers. 


Although many authors have measured root tensile strength for a variety of upland woody and herbaceous species, 
little work has been done on riparian species and still less has been carried out on the root architecture of riparian 
vegetation. Abernethy and Rutherford’s (2000) study in Australia stands out as an exception. Available data suggest 
that most roots are found within the upper 50-cm of the soil profile (Jackson ef a/., 1986; Sun ef al., 1997; 
Tufekcioglu ef al., 1999). More data are needed, however, to quantify the root-area-ratio (A, / A) and shear 
distortion terms. 


The hydrological effects of mparian vegetation are even less well quantified. Although data are available on canopy- 
interception rates for many riparian tree species, there is little useful data on the degree to which vegetation dries out 
the material comprising streambanks. Canopy interception for deciduous trees species is typically in the range of 
10-20%, (see Coppin and Richards, 1990) but these figures are annual averages. A point that tends to be overlooked 
when discussing vegetation effects on bank stability is that most bank failures occur during the winter or spring, 
when deciduous vegetation is dormant and canopies have died back. In addition, the high rainfall events likely to be 
associated with bank failures tend to have the lowest canopy imterception rates, since canopy interception is 
inversely proportional to rainfall intensity and duration. The hydrological behavior of streambanks is particularly 
important in deepiy incised channels since these banks are normally unsaturated. Decreases in shear strength due to 
a loss of matric suction are a leading cause of bank failures in incised channels (Simon ef a/., 1999). In non-incised 
channels, however, streambanks may be expected to reach saturation during typical winter conditions, yet remain 
stable because they are not particularly hig. Any detrimental hydiological effects are unlikely to be significant, 
because standard hydrologic conditions already represent a ‘worst case’. However, for high, incised streambanks 
the ‘normal’ winter condition is likely to be unsaturated. Adding moisture due to increased infiltration capacity may 
therefore reduce bank stability. 


METHODOLOGY 


In order to assess the effects of vegetation on streambank stability, data were collected on the hydrologic and 
mechanical properties of three test plots on 2n unstable incised streambank in northern Mississippi. The data 
collected include intrinsic soil-mechanical properties (cohesion, friction angle, and unit weight), matric suction and 
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pore-water pressure under three vegetation treatments, and root tensile strength and distribution. The three 
vegetation treatments were control (short cropped turf), clump grass (Eastern Gamma Grass) and mature riparian 
trees (a mixture of sycamore, river birch and sweetgum). 


Field data collection The research was carried out at the Goodwin Creek experimental watershed in the Loess Hills 
region of northern Mississippi. Channel straightening on the Tallahatchie R.ver and its tributaries beginning around 
the start of the 20" century led to upstream channel degradation and associated bank widening. The study reach has 
been intensively monitored since 1997. The channel in the study reach is incised approximately three meters to a 
current depth of about five meters. For at least the last four years the channel has been relatively stable in terms of 
depth, with slight aggradation accompanying lateral migration by mass failures on the outside of meander bends. 
Dendrochronology and a geomorphic evaluation on the opposing point bar indicates that latera! migration has been 
occurring for at least 30 years at an average rate of about 0.5 m/y (Simon and Darby, 1997). The bank cross section 
is steep, generally between 70 and 90°. 


An lowa Borehole Shear Test (BST) device was used to measure the in situ strength of bank layers at different 
depths in a series of boreholes augered into the streambank. The BST enables direct measurements of apparent 
cohesion and friction angle to be made at ambient pore-water pressures. By measuring matric suction in an 
undisturbed core removed from the point where the BST was operated, it was possible to calculate effective 
cohesion using equation 2. Core samples were also analyzed for unit weight and particle size distribution. 


Bank hydrology was monitored using tensiometers which recorded pore-water pressure (positive and negative) 
every ten minutes. At each of the three vegetation treatment plots, a nest of five tensiometers was installed, at 
depths of 30, 100, 200, 270 and 433 cm (corresponding to different sedimentary layers within the bank profile). 
Streamflow level was also recorded every ten minutes using two submerged pressure transducers mounted in the 
channel. Open sky rainfall, stemflow and canopy throughfall under the riparian tree plot were recorded on tipping 
bucket rain gages every ten minutes, with an additional array of 12 manual rain gages (10 in the woody stand and 
two in the open) measuring rainfall and throughfall every day on which rain occurred. 


To obtain data to parameterize the root-reinforcement equation, a series of trenches was dug alongside riparian trees 
of different ages and species outside the monitor d plots. Roots were exposed and tested for tensile strength using a 
technique developed by Abernethy and Rutherford (2000). The diameters of individual roots were measured using 
calipers, and the roots were then attached to a load cell using a cable grip. Stress was applied to the load cell using a 
winch, and the load and displacement were recorded electronically. Stress was increased until the root failed, either 
by snapping or by pulling out. Peak stress at failure and root diameter was then recorded. The location and depth of 
each root was noted to enable depth-root area relationships to be developed for each species. Attempts were made 
to measure the tensile strength of the eastern gamma grass, but these failed due to difficulties in gripping such small 
roots. 


Numerical modeling of bank stability To assess vegetation effects on bank stability hydrologic and mechanical 
data were used in a numerical model of bank stability. The model used is a wedge failure type developed by Simon 
and Curini (1998) and Simon et a/., (1999), and represents further refinement of the models developed by Osman 
and Thorne (1988) and Simon ef a/., (1991). The model is a Limit Equilibrium analysis in which the Mohr Coulomb 
failure criterion is used for the saturated portion of the wedge, and the Fredlund ef a/., (1978) criterion is used for the 
unsaturated portion. In addition to positive and negative pore-water pressure, the model incorporates various soil 
layers, changes in soil unit weight based on moisture content, and external confining pressure from streamflow. The 
i0del divides the bank profile into a number of user definable layers with unique geotechnical properties. 


The factor of safety (F,) is given by (Simon et al., 1999): 


Fs deh +[S, tan ¢")+(W. cos f -U, + P cos(a - f)}tan¢' 
SW, sin B - P sinja - p id 


where c, = effective cohesion of layer (kPa); 1,= length of the failure plane incorporated within the /* layer 
(m); S = force produced by matric suction on the unsaturated part of the failure surface (kN/m); W = weight of the * 
layer (KN); U = the hydrostatic-uplift force on the saturated portion of the failure surface 
(kN/m), P = the hydrostatic-confining force due to external water level (kKN/m), @ © failure-plane angle (degrees 
from horizontal); and ff = bank angle (degrees from horizontal). 


When driven with temporally and spatially distributed pore-water pressure data from the tensiometer nests, the 
Output is a time series of F,. In this study the model was parameterized with data from each of the three vegetation 
plots. Identical intrinsic soil-strength properties (c’, ¢. y,, @”) were used for all three plot simulations (Table 1), 
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while measured pore-water pressures and c, properties were applied uniquely to each plot (with the exception of 
cohesion for the grass plot, as outlined above). 


Table 1. =~ —)] can in ae 




















Depth below surface Ys ry 
(cm) (kPa) (degrees) (kNm’”) (degrees) 
0-50 141 33.1 16.9 17.0 
50-100 2.70 28.1 19.3 10.2 
100-200 13.0 28.5 20.0 "170 
>270 0.0 32.8 19.7 17.0 




















Y No data available - estimated values used 
FIELD RESULTS 


Inspection of the bank profile and boreholes revealed four layers within the bank. The stratigraphy can be divided 
into two major layers, representing early and late Holocene deposition units. At the base, the bank lies on a coarse 
layer of cemented gravel. Strength testing shows the upper Holocene layer to be largely frictional with little or no 
cohesion (<2.7 kPa). Most of the apparent cohesion in this layer is due to matric suction. The lower Holocene unit 
by comparison has considerable cohesion, and acts as a semi-permeable boundary below the upper layer, 
ee er ee CD ae Pe ee EY em ye ET ED 


Root tensile strength varies widely, with several orders of magnitude variability. Companion of root tensile strength 
with diameter reveals a set of non-linear inverse relationships similar to those found by other investigators (Figure 
1). The data fall into two broad categories with Sycamore having the greatest average strength and willow amongst 
the lowest. The root architecture study revealed that most roots are found in the top 50-cm of soil, with an 
exponentially declining concentration of roots below the upper 10-cm. Average root area ratio for mature sycamore 
was 0.18%. Cohesion due to roots calculated using Wu ef al., (1979) equation gives a value of 9.8 kPa, averaged 
over the upper 50-cm. 


Assessing the mechanical contribution of the eastern gamma grass was difficult, and after one year little root growth 
had occurred at the field site, partly due to predation by mice. Plots of gamma grass elsewhere in northern 
Mississippi have performed weil, and suggest that dense root growth can be expected down to at least 50 cm. To 
provide an id. . of the potential effect of grass roots once they are established, a c, value of 20 kPa was assumed, 
based largely on the greater relative strengths of small roots. 





TENSILE STRENGTH, IN MEGAPASCALS 
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DIAMETER, IN MILLIMETERS 
Figure |. - Relation between root strength and root diameter for four riparian species 
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PORE-WATER PRESSURE UNDER DIFFERENT VEGETATIVE COVERS 


Pore-water pressure monitoring reveals significant differences between the three vegetative covers (Figure 2), Note 
soound At 30-cmn ae is Sito Gitosare booween ie plsts, a data for tis penod have been removed from the 


increased infiltration capacity and the development of a perched water table in the root zone. The steep 
suction under this cover indicates enhanced infiltration rates via macropores, probably along root 
pathways. This represents one of the potential negative effects of woody vegetation although this was lunsted during 
the monitoring period because of an unusually dry winter and spring. After May, the tree site dries out faster than 


bank instability. This is supported by data from the relatively wet March period, when the tree plot becomes the 
wettest at 100 cm. Data from mud March show the onset of photosynthesis and transpiration leading to the rapid 
recovery of matnc suction from May onwards. 


MODELING VEGETATIVE EFFECTS ON BANK STABILITY 


Tenssometer data for the three plots were used to drive the bank-stability model described above. Shear strength duc 
to roots was added to the tree and grass plots based on measured and assumed values, respectively. All three data 
sets were modeled using identical bank profiles to ensure that any differences in F, were solely due to vegetative 
effects. The resulting plots of F, between December 1999 and September 2000 are shown with hydrologic effects 
only (Figure 3a) and for combined hydrologic and root-reinforcement effects (Figure 3b). As expected, both plots 
show a general trend of declining bank stability through the winter and spring with recovery starting in the carly 
summer. The bank with the tree cover consistently has the highest F,, although this drops markedly during the April 
4" rainstortns Grass consistently outperforms the control cover, though to a much lesser degree than trees. During 
the April 4" event the F, for the control, grass and tress covers falls to 1.04, 1.64 and 2.18, respectively. The 
observed failure of the bank under the control cover suggests that the bank-stability mode! 1s performing well. At the 
tume of failure, matric suction at |-m depth was 13.1 kPa for the control site, compared with 4.5 and 6.2 kPa for the 
clump grass and tree sites, indicating that the vegetation increased infiltration rate and moisture content’. However, 
this effect was reversed at depth, where suction values at 2.7-m were -3.9, 0.2 and 81.3 kPa respectively, indicating 
the beneficial effects of transpiration by the vegetative treatments, particularly in the tree plot 
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Figure 2--Tensiometer response for the three vegetative treatments. 
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Figure 3--Factors of safety for the three vegetative treatments showing hydrologic effects (A) 
and combined effects (B). 


Comparison of the F, plots with the tensiometer data reveal that the difference in F, between the control and grass 
plots is largely due to the assumed increase in shear strength (c,) due to root reinforcement, whereas the increase in 
F, under trees is largely a hydrologic function. By modeling F, for each vegetative cover with hydrologic effects 
only, mechanical effects only and combined effects, we can observe the contribution made by cach (Figure 4). For 
the grass-covered bank the mechanical reinforcement contributes an increase in F, of 9.53, whilst the hydrologic 
contribution is only an additional 0.07. By comparison, under the tree cover the mechanical contribution to F, 1s an 
increase of 0.26 whilst the hydrologic contribution 1s 0.88 
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CONCLUSIONS 
Hydrological and mechanical effects of mparian vegetation have been evaluated for three vegetation covers along an 
incised channel in northern Mississippi. The three covers were cropped grass ‘control’, clumps of eastern gamma 
cits il 0. tellin Gah ft Aalics enale veel, Addtiadion of Go Gee wo 0 teas ott tos 


shown that the effects of mpanan vegetation on pore-water pressure response and bank-stability are both positive 
and negative. In general, however, the greatest enhancement to bank stability occurred under the wee plot as the 


positive effects of evapotranspiration negated the negative effects of preferential flow. 
On April 4* 2000 prolonged rainfall at the field site caused the bank to fail under the control cover. The factor of 


safety at this time was 1.04, 1.64, and 2.18 for the control, grass, and wee treatments, respectively, showing the 
beneficial effects of vegetation. 


For vegetation to enhance bank strength and stability the net effect must be beneficial during the most critical penod 
of ume, that being the wet seasons during winter and carly spring. This is the time period, however, when deciduous 


mature trees. This, however, may not be the case in wetter years 
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AN ANALYTICAL APPROACH TO ESTIMATE SOIL EROSION 
FROM ROADSIDE DITCHES IN MOUNTAIN FOREST 


By Jennifer G. Duan, Assistant Research Professor, Division of Hydrological Sciences, 
Desert Research Institute, University and Community College System of Nevada, 755 
E. Flamingo Road, Las Vegas, NV 89119. 


Abstract: Road construction has increased the run-off erosion and silt-producing potential from 
road cut banks and ditches along highways. Road ditches are designed to transport flow and 
sediment coming from bank cuts. Erosion occurs when flow-induced shear stress is sufficient to 
entrain bed or bank material. This paper reports the development of an analytical approach to 
estimate soil erosion from road cut banks and ditches. The result indicated that sediment yield 
could be calculated based on runoff, the slope and length of road cut banks, the longitudinal 
slope of road, and pavement in road ditches. Highway engineers can use this approach to 
estimate soil erosion in the design of roadside ditches. 


INTRODUCTION 


Non-point source pollutants from agricultural and forested lands have accounted for more than 
50% of pollutants entering the waterways of the nation. Studies have shown that sediment is the 
major non-point source pollutant that causes the reduction of stream water quality. Sediment, 
itself, is a pollutant because its presence increases flow turbidity and reduces water clarity. It is 
also the carrier of contaminants, such as phosphorus, nitrogen, toxic metal, etc. These 
contaminants are either stored in the pore water of sediment particles or delivered by mobile bed 
materials. Therefore, it requires the accurate prediction of sediment discharge in order to better 
identify the outstanding contaminant sources and improve the accuracy in predicting non-point 
source pollutants. 


Many of the forest watersheds in the West U.S. mountain regions have been intensively 
developed for recreation or industry, for example, the Lake Tahoe basin. The activities, such as 
logging, mining, housing, skiing, road building have changed the geomorphic settings of land 
surface and thus often increase runoff and erosion. Roads are constructed for these activities 
because it provides transportation. As a consequence, soil erosion associated with road building 
ranked the top of sediment source from several forest watersheds in the East U.S. (Farrish, et ai., 
1994; Swanson and Dymess, 1975; Tysdal ef a/., 1962). Highways in mountain forest are 
constructed by intercepting natural hill slopes and usually have a steeper longitudinal slope. 
Roadside ditches are existed for storing and transporting runoff from the upper road cut banks. 
These ditches are parallel to roads, therefore, often have a similar slope as that of road surface. 


Since these roadside ditches convey flow not only from imperious road surfaces but also from 
road cut banks, if they were designed based on flow from road surfaces, erosion of their bed and 
banks are unavoidable. In fact, the severe bed and bank scoring of roadside ditches in several 
locations of the Lake Tahoe basin indicated that eroded soil in these ditches contributes 
considerably to non-point source pollutant. However, except for a few experimental studies in 
the carly 1960s, there has not been a thorough theoretical analysis and no method available in the 
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literature to estimate soil erosion in these ditches. In this paper, the physical processes of soil 
erosion in roadside ditches were analyzed according to the principles of hydrology, hydraulics, 
and sediment transport. A conceptual model was established for the development of an analytical 
approach to estimate soil erosion in these ditches. Finally, the developed method was applied to 
predicting soil loss in a field experiment. The calculated results were compared with the field 
measurements and reasonable agreements were obtained. 


Model: In the mountain regions of the Southwest, highways are built by directly 
cutting hill slopes. Road surface is connected to the upper and lower road cut slopes (Fig.1). 
Runoff and eroded soil from the upper road cut banks are transported to roadside ditches and 
form a concentrated stream flow. Soil erosion was resulted from the concentrated flow as well 
as the shallow overland flow. The physical parameters that are used in this analysis are illustrated 
in Fig.1. They are classified as characteristics of road cut banks, dimensions of roadside ditches, 
road properties, and precipitation. The length of road cut banks is the distance from the top of 
road cut bank to the edge of roadside ditch, which is symbolized as L,. Vegetation covering and 
topographic settings in these banks determine the surface roughness. Infiltration rate of this land 
surface influences the net runoff from these banks. Road surface inclines in both the longitudinal 
and transversal directions. But, the transversal slope is often small enough to be neglected. 
Roadside ditches are assumed to have the same slope of highway, but the width of these ditches 
and its vegetation covering are varied along the highway. w denotes the width of road ditch. 
Precipitation can be rainfall or snow. Because of the complexity of frost impact on soil 
erodibility, this factor was not considered in this study, but, it is indeed perhaps the dominant 
reason for the erosion of road cut banks. Therefore, erosion in roadside ditches would occur as 
soon as runoff and eroded soil from the upper road cut banks are delivered to road ditches and 
forms a concentrated stream flow. This stream flow erodes bed and bank of these ditches if the 
transport capacity of this concentrated flow exceeds eroded sediment supply from the upper road 
cut banks. Otherwise, if eroded sediment from upper banks exceed the flow capacity, deposition 
will occur in these ditches. 
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Figure |. Schematic Diagram of Road Cut Banks and Roadside Ditches 


Overland Flow on Road Cut Banks: Overland flow in a hill slope should be modeled as a two- 
dimensional flow because of the spatially varied microtopography, vegetation covering and soil 
properties. When runoff passes through land surface, rills are formed because of the irregularities 
and variable soil erodibility. The formation of nll has significantly increased soil erosion from 
these banks (Elliot and Tysdal, 1999, Poesen, 1985). Therefore, a two-dimensional unsteady 
hydrodynamic model (Zhang and Cundy, 1989, Gokemen and Kavvas, 1994) is required to 
accurately model the spatially and temporally varied overland flow. However, in engineering 
practices, it is preferred to get an initial approximated solution quickly and then conduct a 
detailed study if needed. Since the solution of two-dimensional overiand flow can only be 
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obtained numerically, several empirical-analytical solutions (Gokemen ef ail, 1993; Govindaraju 
et al, 1988; Govindaraju et al., ais din Elid oo oa caitaiee ef bane en ae 
momentum equation. On the other hand, studies in the past few decades indicate that one- 
dimensional kinematic wave model (Stagnitti ef a/., 1992) can satisfactorily predict the averaged 
flow depth and hydrograph on a natural hill slope (Dunne and Dietrich, 1980) even though they 
are unable to account the spatial variability of flow field. In order to meet the needs of practical 
engineers and provide an approximated estimation of erosion from road cuts banks quickly, a 
simplified one-dimensional kinematic wave model is employed in this study. 
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where, h is flow depth; u is velocity; g is acceleration of gravity; S, and S, are surface and bed 
slope, respectively. / is rainfall intensity minus infiltration rate, which is approximated to be 
runoff. If assuming kinematic wave condition and assuming overland flow on road cut banks and 


7 
channel flow in roadside ditches both satisfy Manning's equation, that is u =A? J?, flow depth 
n 
in roadside ditches satisfies 
ah = oh 
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Using the method of characteristics, Eq.3 ends up with 


(4) 





The infiltration rate is assumed to be a constant. In case of a rainfall event with a constant 
intensity and infinite time duration, the net runoff is constant. The solution of Eq.4 is given as 


! 
The boundary condition of overland flow is that A(0,0)=0 at the top of road cut banks. 
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The discharge from this bank cut to road ditches is written as follows 
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Eq.7 is the discharge to roadside ditches from road cut banks. It is a function of runoff and the 
length of road cut banks. 





Flow in Roadside Ditch: Runoff comes from the upper road cut bank concentrated in roadside 
ditches. Upon knowing the discharge, flow depth in these ditches can be obtained by solving 
one-dimensional momentum equation, which 1s written as 

dH OH I 

Teter “tak palit oeh (8) 


where H is flow depth, w is the width of roadside ditch, /,_, is the slope of road ditch. 
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and 2 reference cocss section. Since reinfell event is essumed to have an infinite time duration, 
flow in these ditches is assumed to approach steady-state. The solution of Eq.8 is given as 


is flow conveyance factor. y is the distance between a cross section of road ditch 
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Assuming the slope of road ditch is constant and substituting the boundary condition, that is, 
flow depth equals to zero (H=0) at y-0. Eq.9 reduces to 
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Sediment Transport in Road Ditches: When runoff entered roadside ditches, it carnes eroded 








soil from the surface of road cut banks. If flow-induced shear stress acting on the bed or bank of 
these ditches is enough to entrain sediment, bed or bank will be eroded. After obtaining flow 
depth and velocity, sediment discharge in these ditches can be estimated by empirical formulas. 
There are a number of empirical formulas to calculate the transport rate of sediment in channels. 
Among them, Ted Yang's formula was used in this study because it includes the transport of bed 
and suspended load and is valid for a large size range of sediments. The transport formula of 
Ted Yang (1996) is written as follows, 


log, = $.165 ~ 0.153 10g - 0.297 log “* +(i 78 - 0.36 log a! ~ 0.48 log") log (11) 

v @ Vv @ @ 
where C, is the concentration of sediment laden flow, wis the falling velocity of sediment 
particles, dis mean diameter of sediment particles, vis kinetic viscosity, V is the averaged 
velocity,u. is the shear velocity that can be calculated by Eq. 12. 


We = (BHD sone (12) 
Obviously, by using Eq. 10, flow in the channel is assumed to be quasi-uniform and steady flow. 
The mean falling velocity of sediment particles can be calculated as follows (Ted Yang, 1996) 
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in which y, and » are the density of sediment and water, respectively. F is a coefficient 
whose value depends on the size of sediment particle. F equals 0.79 when the diameter of 
sediment particle is greater than /mm. After determining these coefficients, sediment discharge 
in these ditches can be calculated as 

5 1 


7 0-2" HU I, (14) 


where a, is the Manning's » sunainenn cocllietent of eat Gitdh. Tho calliment Gethaup om be 
calculated by Eqs.11-14. It is obvious that sediment discharge is determined by flow depth, road 
slope, and roughness in road ditches as well as sediment falling velocity. The impact of runoff, 
the slope and length of road cut banks, and the roughness of road cut bank surface were reflected 
in the expression of flow depth in road ditches (Eq.10). 


VERIFICATION BY EXPERIMENTAL DATA 


Diseker and Richardson (1961) conducted a field experimental study in Cartersville, Georgia. 
One objective of their study is to measure the soil and water losses from highway cuts. Six 
roadside plots, in pairs with approximately 1:1, 1:2, 1:3 side slopes and a similar soil type, Cecil 
clay soil, were selected as suitable sites. The ditch grades vary from 2.8 to 5.0 percent. The bank 
heights at the highest point vaned from 10 to 16 ft with lengths from 206 to 363 fi. The six 
runoff areas were 0.16, 0.27, 0.21, 0.20, 0.18, and 0.23 acres per plot. The width of these ditches 
varies from 9 to 13 ft. Masonary head walls, two sidewalls and a concrete apron were installed 
for cach of the measuring devices at the lower end of the runoff plot ditch. Runoff as measured 
by water-stage recorders was used as a bas:s for calculating the runoff that passes through the H 
flume. Sediment samples were taken from cach tank after runoff occurred to measure sediment 
concentration. Runoff and erosion from these six plots were measured from Nov. 1, 1958 to Dec. 
31, 1959. The observed data showed that the sediment discharge of steep cut slope is much 
bigger than the one from a flatter slope. In order to verify the approach presented by Eq.11-14, 
soil loss is calculated at each study site. The monthly averaged runoff and the length of road cut 
slopes were used in Eq.10 to calculate flow depth in these ditches. The Manning's roughness is 
0.002 for roadside ditches. The slope of these ditches is 3.9%. The averaged width of these 
ditches is 11ff. Eq.il-14 is employed to calculate sediment discharge for cach ditch. The 
calculated and observed soil losses were plotted in Fig.2 for comparison. Fig.2 indicated that the 
predicted results are in agreement with the observation for site 1, 2, 5, end 6. Due to the effect of 
frosting, the calculated soil losses in site 4 and 5 are much less than the measurement. Therefore, 
the approach presented in this paper, in general, is applicable to predicting soil loss from road cut 
banks and road ditches where the effect of frosting is not significant. 
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Figure 2 Comparison of Calculated Results and Measurements 
CONCLUSION 


An analytical approach was developed for the estimation of soil loss from road cut banks and 
roadside ditches in this study. One-dimensional kinematic wave model is used to solve shallow 
surface flow in road cut banks as well as the concentrated stream flow in roadside ditches. Soil 
loss from road banks can be estimated by Eq.11-14. The comparison between the calculated 
results and observed data indicated that the developed approach is feasible for the quick 
estimation of soil loss from road cut banks and roadside ditches. However, because the 
simplified kinematic wave method was employed and frost/defrost effect was not considered in 
this analysis, further research is needed in the future to enhance the capability of this method. 
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Topic: Results from regional wave-current sediment transport modeling, contaminant dispersal 
measurements, mooring deployments, and sediment accumulation studies (1993-2000) in the 
New York Bight Apex. 


The coastal waters offshore of New York City have been used for disposal of sewage and 
dredge-spoils throughout the last century and also receive atmospheric and river-borne pollutants 
from the nearby metropolitan areas. The U.S.G.S. Coastal and Marine Geology Program has 1) 
mapped the seafloor geology and the distribution of contaminants in the sediments of New York 
Bight and 2) used moored instruments to measured water currents and sediment transport during 
winter 2000. These maps, measurements, and numeric models are being used to predict the fate 
of the contaminated sediments present in the Bight and the potential for adverse effects on the 


ecosystem in the future. 


Sediment deposition and erosion occur episodically and vary spatially within the Bight. 
Fine-grained sediment with high concentrations of metal and organic pollutants that was dumped 
on the seafloor, primarily in the 1970-1980s, has been extensively reworked on the sandy shelf 
(25 m water depth), transported up to 100-km fron disposal sites, and focused into bathymetric 
depressions (60-90 m) in the Hudson Shelf Valley (HSV) (Figure 1). The sites of accumulation, 
defined by chemical profiles and high-resolution seismic data, are focused in small depositional 
areas while saddles and the surrounding shelf have both lesser deposition rates and higher 
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sediment mixing rates. In the valley, accumulation rates for contaminated sediment decrease with 
increasing distance from the source from 2 cm/yr to less than a mm/yr. 

Modeling results indicate that the coastline orientation and sheif bathymetry exert a 
strong control on the response of shelf circulation and sediment resuspension to wind events. 
Winds from the northeast appear to drive weak flow down the HSV, while winds from the west 
appear to drive strong up-valley, landward, flow. The contaminant accumulation down-valley 
occurs because of the downstream flow that predominates during strong NE storm events, when 
large amounts of sediment are resuspended. Data from the moorings (Figure 2), combined with 
wave and wind climatology, will allow determination of the net flux and dispersal patterns for 
sediment in the HSV and adjacent areas. 


The biological communities that exist in the contaminated regions are exposed to metals 
concentrations that can induce toxic effects, yet communities appear to be moving through 


typical recovery phases. 
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FIGURES 


Figure 1: Seafloor features (sidescan & multibeam data: gray), Pb in surface sediments (dots), 
bathymetry (blue), and dumpsites, i.e. sources (pink). Core profiles show Pb accumuiation (red 
above background) 
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Figure 2: Location of USGS instrument sites (triangles). Eight USGS instrument packages were 
deployed in winter 1999-2000; tripods were located at sites A—-F and moored instrument arrays 
were located at sites B and C. Blue arrows indicate near-bed current velocities during a 
representative up-valley flow event. Red arrows represent wind stresses inferred from wind 
measurements at National Oceanographic and Atmospheric Administration buoys (circles). 
Depth contours are in m. 
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EFFECTS OF TRAFFIC AND DITCH MAINTENANCE ON 
FOREST ROAD SEDIMENT PRODUCTION 


Charles H. Luce, Research Hydrologist, and Thomas A. Black, Hydrologist, USDA Forest 
Service, Rocky Mountain Research Station, Boise, Idaho 
316 E. Myrtle St., Boise, ID, 83702, cluce@fs.fed.us, 208-373-4382. 


Abstract: Observations of sediment yield from road segments in the Oregon Coast Range show 
that either heavy traffic during rainfall or blading the road ditch will increase erosion from forest 
roads. For the fine soils and high quality aggregate surfacing on the study plots, ditch blading 
increased sediment yield more than traffic equivalent to 12 log trucks per day. The combination 
of ditch blading and heavy traffic did not produce significantly more sediment than simply 
blading the ditch, a finding with important implications for sediment modeling and erosion 
control design. Increases in sediment production caused by traffic persisted after traffic ceased. 





INTRODUCTION 


Road maintenance and traffic are two of the primary activities affecting sediment production 
from forest roads. Given the large base of existing roads in forestlands, it is important that we 
understand how these activities affect sediment yield from road systems. While it is generally 
agreed that either traffic or ditch maintenance increase sediment production, observations 
showing the combined effects relative to individual effects are lacking. 


Maintenance keeps roads in a condition suitable for travel and prevents severe erosion from 
failure of the drainage system. Unfortunately, road grading can break up armor layers on the 
road surface or the ditch and temporarily increase road surface erosion (Burroughs and King, 
1989; Black and Luce, 1999; Luce and Black, 1999). Burroughs and King (1989) noted 
increased erodibility of the traveledway following road grading operations. However, Luce and 
Black (1999) noted that blading of only the traveledway on an aggregate surfaced road with well 
vegetated ditches yielded no increase in sediment production from a complete road segment, 
while blading of the ditch, cutslope, and traveledway substantially increased sediment yield from 
road segments. The recovery from ditch blading occurs rapidly during the first three years (Luce 
and Black, 2001) in an exponential pattern similar to that found by Megahan (1974) for new 
roads. Observations of vegetation and ditch particle size suggest that much of the reduction over 
time is due to armoring rather than revegetation (Black and Luce, 1999). 


The role of traffic in increasing road sediment production is likewise well recognized and has 
had attention from several researchers (Reid and Dunne, 1984; Swift, 1984; Bilby et al., 1989; 
Burroughs and King, 1989; Coker et al., 1993; Foltz, 1999; Ziegler et al., 2001), who report a 
range from doubled sediment production to 30 times as much. Results are commonly reported as 
ratios between yields from roads with and without traffic, conceptually normalizing for 
precipitation and allowing generalization of the results beyond the particular events studied. 
Many of the studies are from rainfall simulation; some experiments were on the entire road 
prism, and some isolated sediment from the traveledway. Those studies where concentration 
samples were taken show a relatively brief effect from traffic passing during a storm, with 
significant recovery occurring on a time scale of tens of minutes. The postulated processes for 
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the increase in sediment yield are through an increased availability of fines caused by crushing 
the road surfacing and by pressing larger particles down through a matrix of finer sediment. 


An important question left unanswered by these studies is the combined effect of ditch 
maintenance and traffic. One hypothesis is that the effects are cumulative. Some models use the 
ratios from the studies to estimate the effect, one factor is applied for the time since construction 
or disturbance of the ditch and another is applied for the traffic level (e.g. Cline et al., 1984; and 
Washington Forest Practices Board, 1995). Another way to model the effect is through addition, 
where the traveledway and ditch contributions are calculated separately 2sed on their individual 
treatments and then added’. A third alternative would suggest that ther# right be tradeoffs, that 
the total effect may be less than the sum of the parts. Increasing the availability of sediment in 
the ditch and on the traveledway may be somewhat redundant. If the sediment transport capacity 
of the ditch is fully sated by material easily detached in the ditch, the s¢ditienai available fine 
material on the traveledway may have little effect on the segment sedirnent yie'd. 


Consideration of the flowpath is important in estimating the effects of treatments to roads. 
Burroughs and King (1989) showed an effect on traveledway sediment yield from blading, but 
Luce and Black (1999) found nearly no effect on sediment yield from an entire road segment 
given the same treatment. One explanation may be that sediment from the road surface was 
trapped in the well vegetated ditch, implying that grading the ditch would not only allow ditch 
erosion, but also allow passage of the traveledway sediment. This logic would support the idea 
that there is a positive non-linear interaction (e.g. multiplicative) between road surface treatments 
and ditch treatments on sediment yield. Alternatively, Burroughs and King (1989) noted that 
sitbstantial reductions in traveledway sediment production by placing rock aggregate (~80%) did 
not reduce total plot sediment production as much (~30%) because of increased sediment 
detachment in the unprotected ditch. This observation suggests that high sedimeni yields can 
come from either unprotected ditches or unprotected (or heavily traveled) traveledways, 
supporting the tradeoff hypothesis. Another observation is that traffic forms ruts, causing 
sediment produced on the road surface to travel on the road surface independently of ditch 
sediments, supporting a simple additive model. Some would be cuick to point out, however, that 
this also robs the ditch of much of its water as well, and if the road surface is constructed with 
material that is less erodibie than the ditch, traffic could conceivably reduce sediment yields on 
roads with freshly cleaned ditches. 


Because the earlier studies on the individual effects of traffic and maintenance are used as the 
basis of sediment yield models, forest practice regulations, and best management practice design, 
it is important that some of the uncertainty associated with the question of combined effects be 
reduced. Unfortunately, the question cannot be answered with physically based models, because 
any of the three hypotheses can be generated using different choices of parameter values and 
flowpath. Observations showing the individual and combined effects of traffic and maintenance 
are needed to understand the interaction. 


METHODS 


The effects of traffic and ditch maintenance were examined on twelve road segments in the 
Oregon Coast range about 20 km northwest of Eugene, Oregon. The twel: ¢ plots were broken 
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into four categories, those with no traffic and no ditch grading (NTNG), those with traffic and no 
ditch grading (TNG), those with no traffic but with a graded ditch (NTG) and those with both 
traffic and a graded ditch (TG). Traffic was applied to one contiguous set of six road segments 
for practical reasons, and the grading treatment was assigned randomly. 


The road segments all had similar characteristics otherwise. All had lengths of 80 m and were 
isolated by ditch dams and rubber-flap/wood-box water bars and runoff was diverted into 
sediment traps. Road gradient was between 9 and 10 percent, and cutslope heights were 
approximately 2 m on all road segments. The roads were constructed on a silty clay loam soil 
over weathered sandstone. The roads were surfaced with high quality basalt aggregate and had 
inboard ditches. The traveledway was freshly bladed on all plots. All ditches and cutslopes were 
seeded with grass during the previous spring, and the ditches were bladed on October 14, 1999 
for the segments with that treatment. The reader is referred to Luce and Black (1999) for more 
details on plot construction and soil attributes. 


Traffic was provided by a short log truck and, later, a dump truck. Both vehicles had similar 
wheel arrangements, with two axles in the rear with dual tires and a front steering axle. The rear 
sets of duals carried 15,840 kg (33,850 Ibs.) and the front axle carried 5,610 kg (12,340 lbs.). 
These weights are similar to those on full sized log trucks. The trucks made 10 round trips per 
weekday over the 6 traffic plots during the period November 15 to December 14. During this 
period traffic occurred on both rainy and dry days and on saturated and dry road surfaces. The 
traffic was roughly equivalent to 12 loaded full-length log trucks per day. On each day of traffic, 
5 round trips (10 passes) were made over a | hr period with a 30-minute break followed by 
another 5 round trips. 


Sediment was collected from the tanks on January 11" and again on June 13". Tanks with the 
greatest amounts of sediment were weighed with sediment and water, emptied and weighed 
again filled only with water to obtain the submerged weight of sediment (see Luce and Black, 
1999 for details). For tanks with little sediment, we decanted the clean water off of the tanks 
using a siphon (avoiding disturbance of the sediment). The sediment was transferred to small 
steel buckets for weighing on a more precise scale, allowing a more precise determination for the 
small sediment amounts. Precipitation between Nov 15 and Dec 14 was 351 mm. 151 mm fell 
between Dec 14 and Jan 11. 589 mm fell between Jan 11 and Jun 13. Average precipitation 
depths for these periods in Eugene, Oregon are 218, 170, and 551 mm respectively. 


During one day of traffic, water samples were collected from the wheel ruts immediately 
following a vehicle pass to capture the peak sediment concentratio .. .\n additional sample was 
taken 20 minutes into the break between sets of passes, and three samples were taken at 20 
minute intervals following cessation of traffic to see how concentration in the wheel rut at the 
base of the plot changed with time. In addition, concentratic 1 samples were taken from the plot 
outflow (ditch plus tread) at the same time. 


We used t-tests on the log transformed sediment yields to test the statistical significance of 
specific contrasts. The transformation was used becaure earlier research has suggested that 
erosion is log-normally distributed (Megahan et al., 2001). 
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RESULTS AND DISCUSSION 


Mean sediment yield during the first sample period, Nov. 15 to Jan. 11, was least for the plots 
with no traffic and no ditch grading, followed by the plots with traffic but no grading, and the 
plots with grading but no traffic, and the mean sediment yield was the greatest for segments with 
both traffic and a graded ditch (Figure 1). All contrasts were statistically significant except for 
the difference between the traffic and no traffic plots given a graded ditch (Table 1). These 
results suggest that blading the ditch has a greater effect than traffic on the sediment yield. This 
particular result may differ given a different soil texture in the ditch or poorer aggregate quality. 
More significant is the result that the traffic effect depends on whether the ditch is graded. Given 
that the statistical tests were for log transformed data and the low power inherent in a design with 
three samples per treatment, we can reject the multiplicative cumulative effect hypothesis, but 
we cannot statistically discern between the simple additive cumulative effect and the tradeoff 
hypothesis. Looking at the pattern of the scatter from the No-Traffic-Graded (NTG) plots, we 
can see that the mean and scatter are strongly influenced by one plot with low sediment yield 
(Figure 1). The other two NTG plots actually produced more sediment than any of the plots with 
both traffic and grading. It is worth noting that the sediment production of the one plot is 
uncharacteristically low for a graded plot given earlier observations (Black and Luce, 1999; Luce 
and Black, 1999, 2001) and concurrent observations from similarly treated plots. For example 
three shorter plots (42 m, 42 m, and 60 m) with slightly steeper, 10%, slopes, graded ditches, and 
no traffic measured during the same period produced 2467, 4533, and 2970 kg/km respectively. 
Armed with this additional information, removing some weight from the low observation, there 
is greater support for the tradeoff hypothesis than for the simple additive effect hypothesis. 
These results underscore the importance of collecting observations of sediment yield from the 


entire portion of road prism that is contributing water and sediment when evaluating the effects 
of treatments, an idea also suggested by Burroughs and King (1989). Observations of individual 
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Figure 1: Sediment yield from road segments during the traffic period, November 15, 1999 to 
January 11, 2000. Bar graphs show mean and data points show specific observations. 
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Table |: Statistical Significance of specific contrasts. 














Pp value 
Efiect of Given Wov—Dec Jan-Jun 
Grading = Traffic 0.03 0.02 
Traffic No Grading 0.02 004 
Traffic Grading 049 0.53 





parts of the road prism can be misleading if there is potential for interaction of water and 
sediment from different parts of the road prism. It is also important to recognize the condition of 
the ditch and the cutslope/ditch contribution to the road segment sediment yield when 
interpreting results from stndies. For example, it is useful to know that the results of Reid and 
Dunne (1984) showing substantial effect from traffic had little contribution from ditch and 


cutslope erosion. 


Implications for modeling are fairly clear, independent factors applied for ditch maintenance and 
traffic are not appropriate. Nor would it appear that separate calculation of traveledway and 
ditch/cutslope contributions is the best option. The stronger support for the tradeoff hypothesis 
implies that sediment yield increases modeled to result from traffic must consider the condition 
of the ditch. 


There are important implications for the design of BMPs or forest practice regulations. Ditch 
grading can increase sediment yields on a level comparable to or greater than wet weather 
hauling. Ditch grading is an important and necessary step in the maintenance of roads when 
significant sediment inputs (¢.g. from a slump or upslope gully) block the ditch, however 
indiscriminate ditch grading to clean ditches may not be the best use of equipment time. The 
practice of placing rock in ditches and design criteria fr ditch rocking were proposed by 
Burroughs and King (1989), and our results support their suggestion. The question of whether 
wet weather haul increases sediment yields on recently constructed or reconstructed roads is 
important for BMP design. Wet weather naul restrictions provide little and uncertain benefit on 
roads with recently bladed ditches. Sediment delivery control through crossdrain placement is 
probably the preferred design, but at locations where delivery is likely (e.g. stream crossings), 
thorough control of sediment would require protection of both the ditch and the traveledway. 
Note that the roads in this study were built well enough that the subgrade showed through the 
aggregate surfacing in only a few places, and the deepest ruts were about 90 mm. The results of 
this study do not apply to roads where the integrity of the surfacing mev be severely damaged by 
traffic. 


For the post traffic period, January 11 to June 13, rankings are similar to tose seen in the traffic 
period, although there was less erosion (Figure 2). The reduced erosion is due in part to 
armoring during the previous months. The contrasts are similar in statistical significance (Table 
1). The difference in graded versus ungraded plots is expected because we know that the effect 
of grading persists for more than one year in the increased availability from ditch grading (Luce 
and Black, 2001). The fact that the pattern of differences is maintained suggest that traffic 
effects may persist beyond the time scale of a few events. Reid and Dunne (1984) noted some 
persistence beyond the event time scale in their “temporary non-use” segn\: ots. 
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Figure 2: Sediment yield from road segments during the post-traffic period, January 11 to 
June 13, 2000. Bar graphs show mean and data points show individual observations. 


Examination of sediment concentrations during an event showed a rise in concentration as 
several passes were made, and a rapid drop to lower concentrations after the traffic stopped 
(Figure 3). Plot runoff showed substantially lower concentrations than the peaks measured by 
the rut sampling because of dilution from cutslope runoff areas of the road surface where the 
truck had not recently passed. These patterns agree with other observations of event scale 
variations in sediment availability (e.g. Reid and Dunne, 1984; Ziegler et al., 2000, 2001). As 
the vehicle passed, fines were pressed into the tread of the tire while the lugs pressed larger 
pieces of gravel into the matrix of fines and gravel comprising the road bed. The treaded pattern 
of fine material was quickly dissipated by precipitatic.: and flowing water. During the course of 
the traffic, wheel ruts developed varying in depth from 10 mm to 90 mm, and exposure of the 
subgrade through the aggregate was rare. 
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Some persistence in availability of fines would be expected on traffic plots, as the supply of fines 
from the road over the traffic period would reduce the degree of armoring during that period, and 
the composition of the material in the ditch beds and wheel ruts should be finer at the end of the 
traffic period. It is not necessary that the increased availability of fine sediments persist into 
June for the observed differences in Figure 2. A brief period of increased erosion followed by a 
long penod of essentially equivalent availability could account for the observations. A more 
likely scenario is an exponential decline in the availability of fine sediment as the finer sediments 
are selectively removed from the plot (e.g. Megahan, 1974). 


CONCLUSIONS 


Traffic and maintenance operations are activities normally experienced by forest roads at one 
time or another during their useful life. Both activities increase the susceptibility of a road to 
erosion. In order to better manage the spatial and temporal distribution of sediment inputs to 
streams, it is important to understand how maintenance and traffic affect sediment yield from 
forest roads. 


Grading of the ditch increased sediment yields more than heavy traffic on a road built in a fine- 
grained parent material with high quality basalt aggregate. The combination of both traffic and 
ditch grading produced on average more sediment than either treatment alone, however the 
difference between grading-only and grading-with-traffic was not statistically significant with 3 
samples in each treatment. A closer examination of the individual data points and results from 
similar plots in this year and earlier years provides support to the hypothesis that there is little 
difference in sedimeni yields between traffic and no-traffic plots given a graded ditch. 


These results suggests that ‘he multiplicative interaction model commonly used to estimate 
effects of multiple treatments on roads overestimates the effect of traffic on new roads or 
recently graded roads A model of traffic effects that is conditional on ditch condition (e.g. time 
since construction or ditch grading) seems more appropri Although the ditch grading effect 
is much larger, its effect is seldom accounted for in road sec..nent yield modeling whereas traffic 
effects generally are, if only as a traffic regime. For roads with regularly scheduled maintenance, 
it may be desirable to mode! the effect of a maintenance regime. 


Proscription of wet weather haul is en increasingly common best management practice that is 
effective in reducing sediment prod, tion from existing roads. Proscription of wet weather haul 
on roads with high quality aggregate ind recenit!y disturbed ditches mav have little benefit. 
Reducing the amount of road with ui.sccessary 4)tch grading is unequivocally effective in 
reducing sediment production. 


Observations in this study and in previous work show that sediment concentrations in runoff and, 
consequently, sediment yields varied on a time scale of 10s of minutes following traffic. Longer 
term observations in this study revealed that traffic effects may persist for longer perods, as 
armoring of the flow paths is prevented by the abundant fine sediment supply. This indicates 
that a traffic regime model may be appropriate as opposed to needing knowledge of each vehicle 
pass. It further indicates that any mitigations designed to trap traffic-enhanced sediment yields 
must be maintained after the traffic ends 
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Abstract: Research on three woven silt fence products (fabrics A, B, and C) was conducted to 
evaluate their effectiveness at separating sediment from runoff water. The three fabrics were 
tested over a range of flow rates and sediment feed rates. Sediment of known size and gradation 
was developed from glass beads ranging in size from 1.5 to 177 ym. Using a digital encoder, the 
changes in head against the fabric were measured. From the head information, the flow rate 
exiting the fabric was determined by calculating the voiumetric changes in the model during the 
recession period of each test. Head versus discharge plots were developed to compare the clear 
water and sediment-laden flows of each fabric. Each fabric demonstrated unique clear water 
flow behavior. Fabric A was slightly affected by sediment-laden flow, while sediment had a 
dramatic influence on fabric B. The performance of fabric C fell between the other fabrics. The 
number and size of the fabric openings were observed to influence how much sediment passed 
the fabric. Preliminary modeling efforts suggest that a simple modification of the orifice 
equation fit the data well. The performance of the fabrics was also evaluated based on their 
trapping efficiencies and average sediment concentrations exiting the flume. This study provides 
valuable information about silt fence performance and a preliminary model of flow through the 
fabric. 





INTRODUCTION 


In recent reporis, the Environmental Protection Agency (EPA) named agricultural and urban 
runoff as the leading pollutants in U. S. waters (EPA, 1998). Runoff transports natural and man- 
made pollutants such as sediment, oil, and fertilizers and deposits them into rivers, lakes, storm 
drainage systems, and other waterways (EPA, 1997). One of the major pollutants in waterways 
today is sediment with over 4 billion tons of it lost eacii year as a result of erosion (Brady and 
Weil, 1999). Deposition of sediment in waterways causes long-term ecological and economic 
problems in both rural and urban communities. For example, sediment in rivers and lakes 
inhibits light for phc: »synthesizing plants and depletes oxygen for aquatic life (Waters, 1995; 
Herzog et al., 2000). From an economic standpoint. soil deposition adds to the financial burden 
by causing an aesthetic distraction in the recreational use of waterways and increases a potential 
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for flooding and water treatment operations (Carpenter, 1999; Herzog et al., 2000). Obviously, 
improved sediment controls are needed. 


A common practice for controlling sediment release is the use of silt fences. The objective of 
this research is to model the effectiveness of silt fences at separating sediment from runoff water. 
Specifically, this study examires the hydraulic performance of silt fences exposed to a range of 
sediment-laden flows. The performance of three woven fabrics was examined by mixing varying 
sizes of glass beads directly into the flow to represent sediment-laden conditions. The captured 
sediment altered the performance of the silt fence by blocking some of the filter openings in the 
fabric. The impounded water level behind the fence was monitored for a range of sediment feed 
rates and flow rates. This study provides additional information about silt fence performance. 


BACKGROUND 


Silt fence is a geotextile fabric fastened to wooden or steel posts, with a wire mesh fence 
occasionally attached for structural support (Sherwoed and Wyant, 1976). Silt fence is typically 
used to trap sediment and to slow the erosion process on drastically disturbed lands (Britton et 
al., 2000). If functioning properly, silt fence acts as a screen for separating soil particles from 
runoff (Theisen, 1992). Soil begins to deposit in front of the fabric as well as within the fabric, 
making it difficult for water movement through the fabric. Because of the impedance caused by 
the soil blocking fabric openings, the water level behind the fence rises and allows more 
suspended solids to settle from the runoff water. Theisen (1992) concluded from this 
observation that the apparent opening size of the fabric affects the storage capacity of the fence 
as well as the soil deposition upstream of the fabric. 


Studies in the area of silt fence have been quite limited; however, Wyant (1980), Kouwen 
(1990), Barrett et al. (1995), and Wishowski et al. (1998) are among the few who have 
performed comprehensive studies on silt fence. Wyant (1980), whose work led to the 
development of ASTM D 5141, examined the performance of silt fence exposed to 50-L batch 
mixes of sediment-laden water. Both woven and nonwoven fabrics were tested with three soil 
types: clayey, silty, and sandy. His studies showed average trapping efficiencies of 95% of the 
clayey, 92% of the silty, and 97% of the sandy soils, respectively. The majority of Wyant’s 
(1980) tests, however, consisted of nonwoven fabric types and low flow conditions, which would 
explain the high trapping efficiencies reported. Studies by Kouwen (1990), Barrett et al. (1995), 
and Wishowski et al. (1998) are derivatives of Wyant’s (1980) study, with variations in fabric 
types, soil distributions, slope approaches, and flow introductiens (batch mixes versus 
continuous flow conditions). These studies reported trapping efficiencies ranging from 68 to 
99%. Kouwen (1990), Barrett et al. (1995), and Wishowski et al. (1998) concluded that the large 
trapping efficiencies were a direct result of the fabric types used in the experiments because 
sediment clogged the fabric openings, causing the impounded water to rise behind the fabric. 


The limited number of silt fence studies conducted thus far have evaluated the trapping 
efficiencies of fabrics. These studies contribute high trapping efficiencies to the fabric types 
used in the experiments. Most research suggests that sediment plugs fabric openings, causing 
increased impounded water levels. While these studies present valuable information, additional 
research should be conducted to examine the blockage of fabric openings caused by sediment. 
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EXPERIMENTAL SETUP 


A series of tests were performed on three woven silt fence products (fabrics A, B, and C) to 
examine the impact clogging has on the hydraulic performance of the fabric (Table 1). Tests 
were conducted indoors, in an 18.7-ft long by 3.0-ft wide flume located in a model building at 
the USDA-ARS Hydraulics Laboratory in Stillwater, Oklahoma (Fig. 1). The flume floor was 
constructed with a 1-ft horizontal section upstream of the fabric, with the remainder of the floor 
sloping upstream at an 8% incline. An 8.0-ft long section of the flume wall was constructed of a 
clear acrylic material for observation of sediment deposition near the fabric barrier. The fabrics 
were 3 ft tali and cut in approximately 4-ft wide sections for attachment to the flume. The fabric 
was securely fastened to the end of the flume such that the maximum height of the fabric 
exposed to the flow conditions was 2.5 ft. 


Tests flows were delivered to the flume in a continuous flow from a recirculation system. Flow 
entered a constant head tank and was then delivered through a 12-inch pipeline where the flow 
rate was measured with an orifice meter and differential manometer. The fabrics were tested at 
flow rates of 0.02 cfs (10 gpm), 9.06 cfs (25 gpm), and 0.11 cfs (SO gpm), and they were each 
exposed to two clear-water and one sediment-laden flow conditions. The clear-water tests 
typically lasted 20 minutes, and the sediment-laden test typically lasted 60 minutes. To obtain 
sediment-laden conditions, a sediment shaker released a glass bead mixture directly into the flow 
at feed rates ranging from 0.78 Ibs/min to 3.44 lbs/min. A load cell and computer monitored the 
sediment feed rate from the shaker. The mixture of glass beads introduced into the flow for each 
test was always mixed in the same fashion, with four sizes of beads used. The bead mixture 
usually ranged in size from 1.5 um to 177 yum in diameter. Using the USDA soil classification 
system, the bead mixture typically fell in a silt loam or loam category. 


To determine the fabric flow rate, the impounded water level behind the fabric was measured in 
two fashions: manually with a carriage mounted point gage, and electronically using a digital 
encoder. To use the digital encoder, a 1.5-inch diameter port was placed in the floor 6.0 inches 
upstream of the fabric, and a 2-inch diameter side wall port was placed 20 inches upstream of the 
fabric just above floor elevation. Both of these ports directed flow to a wet well where the water 
level was recorded with the encoder. The flow rate exiting the flume was also monitored with a 
strip chart recorder on a 0.75-ft H-flume downstream of the fabric. Point gage readings were 
manually taken at the H-flume in 5-minute intervals throughout the tests. 


In addition to the flow rate, the performance of the fabrics were evaluated based on their trapping 
efficiencies and average exit sediment concentrations. The trapping efficiency of the fabric was 
estimated by taking the ratio of material fed during the test and the quantity of collected and 
dried material trapped by the fabric. At 10-minute intervals during the tests, 1-L samples of the 
flow were collected downstream of the fabric for exit sediment concentration analysis. 


RESULTS AND DISCUSSION 


A toial of 21 were conducted on fabrics A, B, and C. The fabrics were examined based on the 
flow rate exiting the fabric, trapping efficiencies, and average exit concentrations. The flow rate 
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exiting the fabric was analyzed by calculating the volumetric changes in head for the flow 
recession period of each test. The recession period of the test starts when the inflow to the flume 
is terminated and continues until the flume has completely drained (Fig. 2). To accurately 
calculate the flow rate exiting the fabric, the flume volume was determined by measuring the 
width of the flume from top to bottom with a micrometer in vertical increments of 0.5 ft and 
horizontal increments of 2 ft. Strip chart recordings were also used to verify the flow 
calculations. 


Each fabric proved to have unique flow patterns associated with it. For example, figure 3 
illustrates the actual flow rates that each fabric can pass for a range of impounded heads. Each 
fabric in this comparison was exposed to the same inflow rate and approximately the same 
sediment loading rate. Figure 3 shows the differences in the clear-water flows for each fabric, 
indicating the fabric affects the behavior of the flow. Fabric A shows similarities between its 
sediment-laden and clear-water flows, suggesting that sediment has little effect on the fabric. 
Fabric B, however, exhibited dramatic differences between clear and sediment-laden flows. This 
result was expected since sediment was observed to clog the openings of the fabric, causing the 
impounded water level to rise. The ve. formance of fabric C fell between the other two fabrics, 
which indicates sediment moderately ~fluenced the flow behavior through the fabric. 


Each fabric is unique, with variations in opening size and weave pattern. Therefore, to develop a 
fabric flow equation, certain physical features of the fabric had to be considered. Each fabric is 
comprosed of a matrix of openings. Consequently, the flow through the fabric becomes 
dependent upon the number and size of the fabric openings. The number of filaments in the 
horizontal and vertical directions was assumed to be an indicator of the number of openings 
exposed to a hydraulic head. Therefore, the number of openings was found using the following 
equation: 


m= (hW\(vH) 


where h equals the nurnber of horizontal filaments per 0.328 ft (100 mm), W is the width of the 
fabric in feet, v is the number of vertical filamenis per 0.328 ft (100 mm), and H is the 
impounded head on the fabric in feet. For the purposes of this modeling effort, the geometry of 
the opening was assumed to be a rectangular orifice opening. Therefore, the clear flow through 
the fabric was easily written as a modified form of the orifice equation: 


O= C'mA(2gH)”* 


where Q is the flow in cfs, C' is an orifice coefficient (in this case assumed to be a sharp-edged 
orifice with coefficient of 0.61), A is the orifice area (ft), g is the gravitational constant, and H is 
the hydraulic head on the fabric in feet. By having a known flow and corresponding head for 
each fabric tested, the area of the orifice was back calculated and plotted against the square 
apparent opening size (AOS) of the fabrics (Fig.4). For example, a fabric denoted as an AOS 
No. 10 in the fabric specifications has a corresponding AOS of 2 mm (6.56 x 10° ft), and by 
assuming the apparent opening size is perfectly square, the apparent opening area (AOA) 
becomes 4 mm’ (4.31 x 10° ft’). Figure 4 depicts a linear relationship of AOA and the orifice 
area. Figure 5 compares the results of the clear-flow equation with the actual clear-flow data 
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coilected. This plot demonstrates that the fit equation does 2 reasonable job of fitting the test 
data. 


Sediment clearly has an effect on the flow behavior through the fabric. Te account for the 
influence of soil, the clear-flow equation was modified to include a plugging coefficient, C,: 


O= C,C mA(2gH)”* 


Again through back calculation, C, for each test was determined and plotted against AOS of the 
fabrics. Figure 6 illustrates a linear relationship between the parameters. The sediment-laden 
equation results were then compared with the experimental data (Fig. 7). The sediment-laden 
performance of fabrics A and C was predicted well. The fit for fabric B was not as good. Figure 
6 illustrates the variation in the back-calculated C, for fabric B, suggesting other factors 
influenced the flow through that particular fabric. The reader should recognize that this simple 
fit relationship does not account for variations in sediment feed rate and flow rate. From figure 
6, it is apparent that the smaller-sized openings in fabric B were likely influenced by feed rate 
and flow rate. While further study may allow refinement of this relationship, it is important to 
note that the results from fabrics A and C were not greatly influenced by sediment feed rate and 
flow rate. Fabrics A and C are more typical of those routinely installed in the field. Since this 
study is limited to three fabrics, more testing is recommended to verify the results and better 
examine the factors influencing the sediment-laden flow through the fabrics. 


Besides evaluating the fabric flow rates, the trapping efficiencies and exit sediment 
concentrations were also determined. The average trapping efficiency for fabric A, B, and C 
were 55, 66, and 65%, respectively. Even though the flow passing through each fabric is 
dramatically different, the fabrics ‘1:Il trapped approximately the same amount of sediment. The 
average exit concentrations for the fabrics ranged from 563 to 12,800 mg/L. For the same inflow 
rate and sediment loading rates, fabric B typically passed the lowest suspended solid 
concentration, and fabric A passed the highest suspended solid concentration. The 
concentrations exiting fabric C were close to those passing fabric B. Fabrics B and C have 
relatively small openings sizes, and fabric A has larger openings that allowed more sediment to 
pass through the fabric. 


SUMMARY AND CONCLUSIONS 


The performance of three woven fabrics was examined for a range of flow rates and sediment 
feed rates. The fabrics were exposed to both clear-water and sediment-laden flow conditions. A 
digital encoder was used to measure the impounded water level behind the fabric. The 
information collected from the encoder was used to calculate the volumetric changes in head for 
the recession period of each test. Each fabric exhibited distinct clear-water flows. Fabric A 
showed similarities between clear-water and sediment-laden flows, suggesting sediment had 
little effect on the performance of the fabric. The behavior of clear-water and sediment-laden 
flows for fabric B were dramatically different. The differences in flow behavior for fabric B are 
attributed to flow restriction caused by sediment blocking the openings of the fabric. Fabric C 
fell between fabrics A and B. Preliminary results show that a modified orifice equation predicts 
the clear and sediment-laden flows through the fabrics. More research is needed to evaluate how 
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particle size distribution, sediment loading rate, inflow rate, and other factors influence the flow 
through the fabric. 


The trapping efficiencies and average sediment concentrations exiting the fabrics were examined 
for the three fabrics. The fabrics demonstrated similar trapping efficiencies, suggesting the 
fabric had little influence on the material trapped. Higher concentrations exiting the fabric were 
typically associated with fabric A, and lower concentrations exiting the fabric were associated 
with fabric B. This observation suggests the opening size influences the sediment concentration 
passing the fabric. 


A simple modification to the orifice equation shows promising results for predicting clear and 
sediment-laden flow through a geotextile fabric. Additional research is needed to fine-tune this 
method for predicting flow through a fabric. Hopefully, this work will provide a better 
understanding of the hydraulic performance of silt fence and will help improve design standards 
and installation procedures for silt fence. 
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TABLES AND FIGURES 
Table 1. Fabric specifications given by the company. 
Property Test Method | FabricA | FabricB | Fabric C 
Grab Tensile (N) ASTM D 4632] 350 | 665x555 | 550 
Grab Elongation (%) ASTM D 4632 15 15 iS 
Mullen Burst (kPa) ASTM D 3786 1720 2410 2060 
____ Puncture (N) ASTM D 4833 130 290 290 
Trapezoidal Tear (N) ASTM D 4533 220 290 x 290 290 
Apparent Opening Size (Sieve No.) | ASTM D 4751 10 40 30 
Flow Rate (gal/min/ft*) ASTM D 4491 30 25 10 
Permittivity (sec) ASTM D 4491 0.3 0.4 0.05 
UV Resistance (%) ASTM D 4355 80 90 80 
Load Celi 5° 
Sediment . 
Silt Fence Feed 
H - Flume | Point Gage 
| | 7 , ———_——1 
aot | at ———~ $7 
ing et TSE Ermer: 
Tonk Oe [=] © Stope 
—— geet ee ile ma fp 
© {| Gage Well _ | 
Outflow = 18.7 ft 
To Secondary ” 57m " 
Settling Tank 


Figure 1. Test configuration (Britton et al., 2000). 
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Figure 2. A typical head versus time plot 
of two clear-water flows and 
one sediment-laden flow. 
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Figure 6. Coefficient of plugging versus 


apparent opening size. 
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Figure 3. Head-discharge reiationship. 
Test 6: Fabric A, Test 5: Fabric B, and 
Test 19: Fabric C. 
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Figure 5. Clear-flow prediction versus 
experimental data. 
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Figure 7. Sediment-flow prediction 
versus experimental data. 
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INTRODUCTION 


The Rio Puerco basin (16,100 ks’) (fig. 1) is the largest tributary to the Rio Grande in New Mexico, draining more 
than 20% of its area at San Marcial (fig. 1). The Rio Puerco contributes only 4% of the Rio Grande's average 
annual runoff at San Marcial, from a combination of spring snow-melt and monsoonal storms, but contributes over 
70% of the Rio Grande’s average annual suspended-sediment load. Data compiled for world rivers by Milliman and 
Meade (1983) and Zhao and others (1992) show that the Rio Puerco has the fourth highest average annual 
suspended-sediment concentration (fig. 2). 


Three major channels have cut and filled the Rio Puerco valley in the past 3,000 years (Love and Young, 1983; 
Love, 1986). An interesting aspect of these cut-and-fill cycles is that the Rio Puerco channel filled to the same level 
in the valicy that # occupied prior to cach cutting event. For example, by 1880 A.D. the Rio Puerco occupied the 
same level in the valley that it had before its incision around 600 B.P. (Love, 1986) but incision began again in 1885 
(Bryan, 1925). Recent surveys indicate that the Rio Puerco is now in a cycle of aggradation (Elliott and others, 
1998; Gellis and Elliott, in press). The cycle raises questions about the sediment source(s) for this filling and the 
process of aggradation independent of a change in the base level of the Rio Grande. 


To examine sediment sources in the Rio Puerco basin, a study quantifying a sediment budget for two subbasins, 
Volcano Hill Wash (9.30 km’) and Arroyo Chavez (2.28 km’), began in 1995 and continued through 1998. The 
subbasins were selected on ihe basis of differences in geology and land use. Volcano Hill Wash drains Cenozoic 
basalt flows. Soil surface textures are dominantly silty clay loam. Mesa surfaces are topped with a basalt stone 
pavement and underlain with silty clay loam and silt loam. Eolian silt is an important component of the mesa 
surface sediment. Land use in the watershed is grazing and there are no dirt roads in the basin. 


and sandstones of the Cretaceous Men fee Formation and from colian silt. Surface soil textures range from silty 
clay loam to sandy clay loam, both containing about 30% clay. Surface clay content, found to be important to 
sediment yield from local test plots (Aguilar and Aldon, 1991). appears to be similar u: the upland mesa surfaces of 
both Arroyo Chavez and Volcano Hill Wash, although Volcano Hill Wash has a denser accumulation of stony 
pavement. Land use in the basin is grazing and gas pipeline activity. Portions of the alluvial valley are sparsely 


Livestock numbers in both subbasins were obtained from the Bureau of Land Management in Albuquerque, New 
Mexico. The 930-hectare Volcano Hill subbasin is part of a larger 29,205-hectare grazing allotment. Between 1995 
and 1998 the number of livestock on the allotment ranged from © to 682. The average number of livestock over this 
time period was 293 or 1.0 animal per 100 hectares. The grazing allotment received a grazing management award in 
the early 1990's. The 228-hectare Arroyo Chavez subbasin is part of a larger 4,456-hectare grazing allotment. The 
number of livestock on the allotment from 1995 to 1998 was steady at 325 or 7.3 animals per 100 hectares. 





This paper describes preliminary results of erosion and sediment yields for the Volcano Hill Wash and Arroyo 
Chavez subbasins used to develop a prelaminary sediment budget on sediment sources and sinks 
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Figure 2. Average annual suspended-sedment 
concentrations of world rivers and the Rio Puerco, 
N. Mex (Milliman and Meade, 1983; Zhao and 
others, 1992). 


Figure 1. Location of Voicano Hill Wash and 
Arroyo Chavez basin in the Rio Puerco basin. 


METHODS 


A -.ciment budget for a drainage basin is based on the amount of sediment leaving that basin and an accounting of 
the sources of that sediment (Leopold and others, 1966; Dietrich and Dunne, 1978; Swanson and others, 1982). An 
essential feature of a sediment budget is to define transport processes, storage elements, and linkages between the 
two (Swanson and others, 1982). In the Volcano Hill Wash basin, the sediment budget was generalized for five 
geomorphic surfaces: mesa, steep colluvial slopes, alluvium/colluvium, colian/alluvium, and alluvium. In the 
Arroyo Chavez basin, seven geomorphic surfaces were identified: mesa, steep colluvial slopes, moderate sloping 
hillslopes, gently sloping hillslopes, alluvial fans, well-vegetated alluvium, and sparsely vegetated ailuvium. The 
geomorphic surfaces for both basins were delineated from color aerial photographs (124,000 scale) and entered into 
a geographical information system (GIS). The GIS was used to determine the area of each geomorphic surface in 
each subbasin 


Both subbasins were instrumented at the basin outlets with a streamflow-gaging station and an automatic suspended- 
sediment sampler. Rainfall was measured at 5 and |5 minute increments at each gaging station and various areas in 
each basin (fig. 3). Deposition from upslope erosion was measured using sediment taps and the volume of sediment 
deposited behind small dams. Sediment trap design was based on a modified Gerlach Trough (Gerlach, 1967, 
Gellis, 1998). The traps were 68 to 85 cm long and 13 cm wide. The traps were installed flush to the ground surface 
with the opening parallel to the slope contour. One to three |.27 cm diameter holes were drilled into the side of the 
trap and were connected by tubing to 18.9 liter collection buckets. The contributing area to each trap was bounded 
with metal edging 


Samples of runoff and sediment were collected in the buckets after each rainfall event. Buckets were weighed in the 
laboratory to determine total sediment and water (runoff). The samples were stored in the laboratory for | month to 
allow the suspend ' sediment to settle. Water was then decanted from the buckets and the sediment was oven dried 
for 24 hours at 98°C Samples of the water were taken to determine the amount of sediment still in suspension 
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Vaicano Hill Wash Subbasin Four straw dams in cach subbasin were constructed 
in first- and second-order channels A notch 


Sf approximately | m deep was dug im the channel and 
4 filled with straw bales. The bales were reinforced 
imto the ground with steel rebar, and large rocks were 
piled on the downstream side, next to the straw bales 
d to prevent the bales from toppling. The sediment 
pool on the upstream side of the straw bales was dug 
_ out, and four to six cross sections were monumenied 
in the pool using steel rebar on either end. The cross 
sections were surveyed periodically to quantify 
.) _- sediment <i-position 


stensin Eight sediment traps were im.alied in the Volcano 
—_—_ Hill Wash subbasin and 10 in the Arroyo Chavez 
subbasin (fig. 3). The contributing area to the 


Figure 3. (A) Geomorphic surface for Voicano Hill Wash sediment traps and the straw dams were surveyed 


, : using a total station. Drainage areas for the sediment 
including sediment traps, straw dems, rain gages, and traps ranged from 0.76 to 37 m’; the straw dams 
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streamflow -gaging station. : | from 405 to $,170 m?. Cortributing areas for 
two traps in the Arroyo Chavez subbasin, 5b and 7b 
epvsmmen Arroyo Chavez Subbasin (fig. 3B), were purposefully constructed at a small 
wn area, 0.76 and 1.7 m’, respectively, to determine the 
SE eee effect of contributing area on sediment yield. Runoff 
KEI Well vegetated etiuvium eee was not recorded in these traps 
WZ, waved tan 
Gently sloping hitistope RESULTS 
BR ose: n10s soning ¢ he ~ ‘ Streamflow and Suspended Sedimeni 
Wiel | 
= Steep cotuvial slope on ee 7 \ Rainfall, runoff, and suspended sediment measured 


yf’ at the gaging stations are presented for water years 





Sediment trap Zwei, 1996-98. A water year is October | of the previous 
os eee se UY year to September 30 of the current year. Volcano 

> . Hill Wash and Arroyo Chavez are ephemeral 
= “eg channels. Between October |, 1995, and September 
* Steemtiow-gaging station §=«-& aw) SOmeter 30, 1998, 31 runoff events were recorded at Volcano 
Figure 3. (B) Geomorphic surface for Arroyo Chavez loge and 41 events were secerees & Ameys 


including sediment traps, straw dams, rain gages, 
and streamfiow-gaging station. 


The average annual sediment yield, water years 1996-98, for the Volcano Hill Wash subbasin was 405 
tonnes/km*/yr and for Arroyo Chavez subbasin was 981 tonnes‘km‘/yr. By summing runoff and suspended- 
sediment load for the 3 years of collection, the total discharge-weighted sediment concentration for Volcano Hill 
Wash is 34,000 mg/L and for the Arroyo Chavez was 92,500 mg/L. Discharge-weighted sediment concentration is 
an informative way to look at sediment transport because it normalizes total sediment transport by the total amount 
of runoff transporting the sediment (Guy, 1964) 


Dams and Sediment Traps 


The sediment traps for Volcano Hill Wash operated between June 6, 1996, and August 12, 1998. The sediment traps 
for Arroyo Chavez operated between June 13, 1996, and October 2, 1998, except for traps Sb and 7b, which 
operated between March 5, 1997, and October 2, 1998. To calculate an annual sediment yield for each trap 
(kg/m’/36$ days), the total sediment load in grams (g), was divided by the total number of days the trap was 
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operating and muluphed by 365 days.) The volume-weighted sediment concentratzon, m parts per millon (ppm), for 
cach trap was calculated by dividing the sum of the dry weight of sedument (g) for the penod of collection, by the 
weight of sediment and water (g), and muluphed by | 


The highest sediment yield and sediment concentrations recorded from the sediment taps and dams m both 
subbasins occur en alluvium (Table 1). Based on the sediment trap results for Volcano Hill Wash, the inghest 
sediment yield was (' 975 kg m’ 365 days and the highest volume-weighted sediment concentration was 25,300 ppm 
for the alluvium (Table 1) Based on sedument trap results for Arroyo Chavez, the highest sediment yield was 3.35 
kg/m’ /365 days and the highest volume-weighted sediment concentration was 140,000 ppm for the sparsely 
vegetated alluvium (Table |) In both basins the alluvial valicy floor us grazed ‘an the Arroyo Chavez basin the 
portion of the alluvial valley floor that is grazed is sparsely vegetated ts a gullied, soil-piped surface with many 
headcuts 


The lowest sediment yield recorded from the traps at Volcano Hill Wash was 0.046 kg'm’/365 days, recorded on a 
steep colluvial slope (Table 1). The lowest sediment yield for Arroyo Chavez was 0.139 kg/m’ /365 days, recorded 
for the well-vegetated alluvium (Table 1) The lowest volume-weighted sediment concentration recorded from the 
traps at Volcano Hill Wash was 4,170 ppm recorded on the colian’/alluvium surface (, able 1). The lowest volume- 
weighted sediment concentration recorded from the traps at Arroyo Chavez was 13,800 ppm on steep colluvial 


slopes (Table 1) 
Sediment Budget 


The sediment budgets are based on the time perod that the gaging stations and sediment traps operated in cach 
subbasin. The straw dams operated over a different time period than the sediment traps. To normalize for this 
difference, sediment deposition in the dams was divided by the number of days im operation and multuphet by the 
number of days the sediment traps were operating. The traps operated for 797 days in Volcano Hill Wash (June 6, 
1996, to August 12, 1998) and 841 days m Arroyo Chavez (June 13, 1996, to October 2, 1998). Two traps in 
Arroyo Chavez, Sb and 7b, were installed later in the project, and sediment collected at these waps was normalized 
im the same manner as the straw dams. The sediment yield for cach geomorphic surface was calculated using the 
results from the sediment traps and straw dams and averaged The average sediment yield for cach geomorphic 
surface was multiphed by the area of each geomorphic surface to obtain total erosion im kg 





For Volcano Hill Wash the highest average erosion rate for the five geomorphic surfaces occurred on alluvium 
(i 145 kg/m’), followed by mess (0.742 kg/m’), alluvium/colluvium (0.597 kg/m’), steep colluvial slopes (0.166 
kg/m’), and colian/alluvium (0.145 kg/m’) (fig 4; Table 2). In the subbasin, 3,630,000 kg of sediment was eroded 
from the landscape and 11,300,000 kg of sediment was transported out of the basin (Table 2A). Thus, 7,670,000 kg 
(68%) of sediment was transported out of the basin that cannot be accounted for by measured upland erosion 


For Arroyo Chavez the highest average erosion rate for the seven geomorphic surfaces occurred on sparsely 
vegetated alluvium (6.53 kg/m’), followed by alluvial fan (2 16 kg/m’), steep colluvial slopes (1.37 kg/m’), mesa 
(0.899 kg/m’), gently sloping bilislopes (0.419 kg/m’), moderately sloping hillslopes (0.334 kg/m’), and well- 
vegetated alluvium (0.321 kg/m’) (fig. 4; Table 2). More than 3,990,000 kg of sediment was eroded from the 
landscape and 6,710,000 kg of sediment was transported out of the basin (Table 2B). Thus, 3,120,000 kg (46%) of 
sediment was transported out of the basin that cannot be accounted for by measured upland erosion 


The unaccounted sediment in both subbasins may be contributions of sediment from bed and dank erosion of from 
wmportant source areas of upland sediment (such as landslides noted on steep slopes in Volcano Hill Wash) that were 
not measured The amount of sediment that may be originating from sources not measured m Volcano Hill Wash 1s 
68%. The amount of sediment that may be originating from sources not measured in Arroyo Chavez is 46%. In 
addition, the amount of sediment removed from both subbasins 1s based on suspended-sediment load computations, 
which do net include bedload = If bedload were measured, the amount of sediment from unreported sources would 
mecrease. Kondolf and Matthews (1991) reported that the unmeasured residuals in sediment budgets can range from 
1 to more than 100% 














Proceedings of the Seventh Federal Imeragency Sedimentanon Conference. March 25 to 29. 2001, Reno, Nevada 





7 DISCUSSION 


(®) FO CANO HILL SUBBASSIN 





Erosion was measured in two subbasins of the Rio Puerco, 
cach having different geology and ‘and use. Erosion and 
sediment yields are higher in Arroyo Chavez subbasin 
compared to Volcano Hill Wash subbasin. Because geology 
and land use are different, these basins may represent end- 
members in the larger Rio Pucrco drainage. The average 
annual sediment yield measured at the outlet of Arroyo 
Chavez subbasin (981 tonnes‘km’ ‘yr) is more than twice the 
sediment yield of Volcano Hill Wash (405 tonnes/km’ /yr). 
period of study at Arroyo Chavez {92,500 mg/L) was more 
than twice the concentration at Volcano Hill Wash (34,000 
mg). By averaging the sediment yields and volume- 
weighted sediment concentrations from all sediment traps. 
the sediment yield for Arroyo Chavez (0.683 kg/m’ /365 
days) is more than twice the average sediment yield for all 
traps at Volcano Hill Wash (0.274 kg/m’ /365 days) and the 
volume-weighted sediment concentration averaged for all 
traps at Arroyo Chavez (49,300 ppm) is more than three 
times greater than that at Volcano Hill Wash (11,500 ppm). 
The Volcano Hill Wash subbasin drains Cenozoic basalt 
flows with a silty colian mantle that is protected by a basalt 
@$3 stone pavement 


VEGETATED orto — : 
aves VEGETA Grazing is commonly cited as a contributor to increased 
erosion rates. The Arroyo Chavez subbasin is part of a 
CHANNE,) —_ grazing allotment that has livestock per 100 hectares seven 
times higher than Volcano Hill Wash. Visually most 
Figure 4. Erosion rates, in kilograms per square portions of the basin support a healthy vegetative cover. In 
meter, on the geomorphic surfaces definedfor both subbasins the major contribution of sediment is from 
the sediment budget in (a) Volcano Hill Wash the alluvial-valley floor Grazing is expected to have a major 
subbasin and (b) Arroyo Chavez subbasin. 
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effect along the valley floor where animals seek water and shade, thus grazing may play a role in differences in 
erosion. Other land-use factors that may be contributing to higher erosion and sediment yield in Arroyo Chavez are 
gas pipeline activity, including din roads, and trenching for the pipeline. Visually the basin is gullied with many 
areas of bare ground 


There are, however, observations that argue against the role of grazing as the sole factor influencing rates of erosion. 


1. Storage of sediment in the altuvial valleys predates the intense grazing of the late 19th century. Alluviwm in 
Arroyo Chavez and in the Rio Puerco yields radiocarbon dates greater than 5,000 BP. (Pavich and cthers, 1997). 


2. Differences in basin sediment yields are simply not due to differences in land use and upland erosion. The 
proportion of sediment exported from Volcane Hill Wash does not decrease in proportion to decreases in upland 
erosion. This may imply that sediment is being extracted from storage as upland sources are depleted and the 
channel attempts to maintain an equilibrium condition of sediment transport Similar occurrences were noted for 
channels in the castern United States as they maintained a stable sediment transport rate over time while upland 
erosion rates decreased as a result of soil conservation (Trimble and Lund, 1982) 


Unraveling the complex responses of sediment transport to rainfall requires study periods longer than are possible 
by instrumental methods. The instrumented records do allow us to conclude, however, that erosion and sediment 


yields differ markedly due to geologic and land-use factors 
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Table i. Summary of date from sediment traps and straw dams for (A) Volcano Hill Wash and (B) Arroyo Chavez subbasins. 
(A) Volcano Hill Wash 
Sediment Number of Drainage Sediment | Rainfali Sediment yield Volume-weighted sediment 
trap Geomorphic surface events | area(m’) | Runoff(g) | load (g) (mm) (kg/m* /365 days) concentration (ppm) 
l Alluvium 39 7.2 547,240 15,220 526 0.975 25,300 
2 Eolian/alluvium 28 8.3 289,820 1,210 526 0.067 4,170 
3 Alluvium/colluvium 35 9.7 335,620 4,560 $72 0.215 13,606 
4 Sieep colluvial slopes 33 48 64,560 490 604 0.046 7,500 
5 Mesa 35 5.8 292,000 4,340 634 0.340 14,800 
6 Alluvium/colluvium 34 6.6 249,550 1,830 $72 0.128 7,300 
7 Alluvium/colluvium 38 47 302,200 2,070 $72 0.202 6,900 
& Alluvium 35 6.4 245,000 3,080 526 0.220 12,600 
Days in Sediment yield (kg/m? /365 
Straw dam operation Geomorphic surface Drainage area (m’) Sediment deposition (kg) days) 
A 1224 Steep colluvial slopes 5,000 1,560 0.093 
B 1202 Alluvium 422 530 0.378 
Cc 1203 Steep colluvial slopes 5,170 2,300 0.135 
— iP 1224 Steep colluvial slopes 2,510 250 0.30 
(B) Arroyo Chavez 
Sediment Geomorphic Number | Drainage | Sediment load | Rainfall Sediment Volume-weighted sediment 
trap surface of events | Area(m’) | Runoff (g) (g) (mm) (kg/m* /365) days concentration (ppm) 
1 Mesa 46 37 692,390 19,000 688 0.228 27,800 
colluvial 
2 Slopes 39 79 232,590 3,200 688 0.175 13,800 
Mesa 47 35 487,880 29,000 701 0.353 58,900 
4 Alluvial fan 52 27 726,130 59,000 688 0.937 81,400 
Sa Sparecty vegetated 58 27 1,509,500 210,000 790 3.35 140,000 
vium 
Sb Spares vegetated 34 0.76 1,300 602 1.06 
a re 7 
6 Well-vegetated 31 6.4 64,450 2,000 917 0.139 31,800 
alluvium 
7 slopi 46 28 807,66" 12,000 894 0.198 15,600 
* | hillslopes 
V - 88 
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7b Gently sloping 29 1.7 660 790 0.243 
hillslopes 
8 Moderately slopi 43 22 286,380 7,300 1,016 0.145 25,400 
ow 
Days in 
Straw dam operation Geomorphic surface Drainage area (m’) Sediment deposition (kg) Sediment yield (kg/m’ /365 days) 
A 1207 Steep colluvial slopes 2,280 2,760 0.367 
B 1171 Mesa 1,420 2,690 0.590 
Cc 1172 Steep colluvial slopes 541 2,150 1.24 
D 931 ely vegetated 405 4,570 4.43 
uvium 
Table 2. Sediment budget for (A) Volcano Hill Wash and (B) Arroyo Chavez. 
(A) Volcano Hill Wash (June 6, 1996, to August 12, 1998) 
Streamflow- 
gaging station Mesa Eolian/alluvium Alluviurn/colluvium Steep colluvial slopes Alluvium 
Sediment yield, kg/m’ 1.22 0.742 0.145 0.397 0.166 1.145 
Area, m* 9,299,309 1,260,737 991,207 2,303,337 3,878,763 865,264 
Total erosion, kg 11,300,000 935,000 144,000 914,000 644,000 991,000 
Total upland erosion = 3,630,000 kg 
Total suspended-sediment transport = 11,300,009 kg 
Difference = -7,670,000 kg 
(B) Arroyo Chavez (June 13 1996, to October 2, 1998) 
Streamflow- Sparsely Gently 
gaging Alluvial vegetated Well-vegetated sloping Moderately Steep colluvial 
Station Mesa fan alluvium alluvium hillslopes sloping hillslopes slopes 
Sediment yield, kg/m’ 2.94 0.899 2.16 6.53 0.321 0.419 0.334 1.37 
Area, m* 2,280,679 592,593 | 235,198 275,445 182,i17 335,654 341,173 318,499 
Total erosion, kg 6,710,000 533,000 | 508,000 1,800,000 58,500 141,000 114,000 436,000 
Total upland erosion = 3,590,000 kg 
Total suspended-sediment transport = 6,710,000 kg 
Difference = -3,120,000 kg 
V - 89 




















Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


REFERENCES 


Aquilar, R., and Aldon, E.F., 1991, Runoff and sediment rates on San Mateo and Querencia Soils, Rio Puerco 
Watershed Management Area, N.M. USDA Rocky Mountain Forest and Range Experiment Station, Research 
Note RM-506, 7 p. 


Bryan, K., 1925, Date of channel trenching in the arid Southwest. Science, v. 62, p. 338-344. 


Dietrich, W.E., and Dunne, T., 1978, Sediment budget for a small catchment in mountainous terrain. Zeitschrift fur 
Geomorphologie, v. 29, p. 191-206. 


Elliott, J.G., Gellis, A.C., and Aby, S.B., 1998, Evolution of arroyos--Incised channels of the Southwestern United 
States. Darby, S.E., and Simon, A., eds., Incised Channels--Processes, forms, engineering and management, p. 
153-185. 


Gellis, A.C., 1998, Characterization and evaluation of channel and hillslope erosion on the Zuni Reservation, 1992- 
95. U.S. Geological Survey Water-Resources Investigations Report 97-4292, 51 p. 


Gellis, A.C., and Elliott, J.G., 2000, Arroyo changes in elected watersheds of New Mexico, United States. Harvey, 


M., and Anthony, D., eds., Applying Geomorphology to Environmental Management, A Special Publication 
Honoring Stanley A. Schumm. Water Resources Publications, LLC, IN PRESS. 


Gerlach, T., 1967, Hillslope troughs for measuring sediment movement. Revue Geomorphologie Dynamique, v. 4, 
p. 173. 


Guy, H.P., 1964, An analysis of some storm-period variables affecting stream sediment transport. U.S. Geological 
Survey Professional Paper 462-E, 46 p. 


Kondolf, G.M., and Matthews, W.V.G., 1991, Unmeasured residuals in sediment budgets—A cautionary note. Water 
Resources Research, v. 27, p. 2483-2486. 


Leopold, L.B., Emmett, W.W., and Myrick, R.M., 1966, Channel and hillslope processes in a semiarid area, New 
Mexico. U.S. Geological Survey Professional Paper 352-G, p. 193-253. 


Love, D.W., 1986, A geological perspective of sediment storage and delivery along the Rio Puerco. Hadley, R-F., 
ed., Drainage basin sediment delivery, [AHS Publication 159, p. 305-322. 


Love, D.W., and Young, J.D., 1983, Progress report on the late Cenozoic geologic evolution of the lower Rio 
Puerco. New Mexico Geological Society Guidebook, 34th Field Conference, Socorro Region II, p. 277-284. 


Milliman, J.D., and Meade, R.H., 1983, World-wide delivery of river sediment to the oceans. Journal of Geology, v. 
91, p. 1-21. 


Pavich, M.J., Gellis, A.C., and Aby, S., 1997, Chronostratigraphy of Quaternary alluvium, Rio Puerco basin, New 
Mexico. Geological Society of America, Abstracts with Programs, Annual Meeting, Salt Lake City, Utah, p. 


A-372. 
Swanson, F.J., Janda, R.J., Dunne, T., and Swanston, D.N., 1982, Sediment bu | routing in forested drainage 
basins. U.S. Department of Agriculture, Forest Service General Technic: NW-141, 23 p. 


Trimble, S.W., and Lund, S.W., 1982, Soil conservation and the reduction of erosion and sedimentation in the Coon 
Creek basin, Wisconsin. U.S. Geological Survey Professional Paper 1234, 35 p. 


Zhao, W., Jiao, E., Wang, M.G., and Meng, X., 1992, Analysis of the variation of sediment yield in Sanchuanhe 
River basin in 1980's. International Journal of Sediment Research, v. 7, p. 1-20. 














Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


FACTORS CONTROLLING STORM-GENERATED SUSPENDED-SEDIMENT 
CONCENTRATIONS AND LOADS IN A HUMID-TROPICAL BASIN, QUEBRADA 
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INTRODUCTION 


The humid iropics, which have an average annual precipitation greater than 1000 mm, cover 25 percent of the 
earth's surface area and by 2000 were projected to hold one-half of the world’s population (United Nations 
Educational Scientific and Cultural Organization (UNESCO), 1990). This growing population has resulted in land- 
use changes and related problems of deforestation, reservoir sedimentation, channel alteration, and degradation of 
terrestrial and marine habitats (UNESCO, 1990; Bonell and others, 1993; World Resources Institute, 1996; Gellis 
and others, 1999). These land-use problems influence erosion and sediment characteristics of tropical watersheds. 


Puerto Rico is an area in the humid tropics that has undergone dramatic land-use changes in the past few hundred 

years (Gellis and others, 1999). A large data set on suspended sediment has been collected by the U.S. Geological 
Servey (URGE to Pestto Rissa elves In 2000, 28 USGS suspended-sediment stations are operating in Puerto 
Rico. Many of these stations have 10 to 20 years of record. The USGS is currently involved in a study examining 
the role of land use on suspended-sediment characteristics of Puerto Rican rivers. This paper presents findings on 
factors that control storm-generated suspended-sediment concentrations and loads at one sediment station in Puerto 
Rico, Quebrada Blanca near E! Jagual. 


Background 


Fifty percent of runoff to the world’s oceans is contributed by low-latitude rivers (Lerman, 1985). The humid 
tropics are an important contributor to the oceans’ dissolved and solid loads. The humid tropics supply 65% of the 
dissolved silica, 38% of the ionic load, and 50% of the world’s solid load from rivers (Milliman and Meade, 1983; 
Stallard, 1988). The Langbein and Schumm (1958) curve indicates that semiarid regions have the highest sediment 
yields. Fournier (1960) included data from monsoonal regions and reported another spike in sediment yield in the 
humid tropics. Pickup and others (1981) concluded that sediment loads in the tropical rivers they studied in New 
Guinea were high by world standards. 





Guy (1964) analyzed suspended sediment transported during storm events in seven streams in the Atlantic coasi area 
of the United States; he found that the mean concentration of sediment (discharge-weighted sediment concentration) 
for a storm event was regarded as a better dependent variable than sediment load. Rainfall amounts and rainfall 
intensity were found to be the most important independent variables influencing suspended-sediment characteristics 
(Guy, 1964). Walling (1974) conducted a study of sediment characteristics during storm events and showed that 
suspended-sediment characteristics change with season, stage, and availability of sediment. Analysis of 102 storm 
events with 13 independent variables representing rainfall and discharge parameters showed peal. discharge, total 
rainfall, rainfall energy, and time of yea. as the most significant independent variables explaining sediment 
concentrations (Walling, 1974). 


Reservoir sedimentation was identified as a problem in Puerto Rico beginning in the 1940's (Nevares and Dunlop, 
1948). The study area of Quebrada Blanca is a subbasin of the Lago Loiza basin (538 km’) (fig. 1) that contains a 
water-supply reservoir undergoing sedimentation. Impounded in 1953, the reservoir in 1988 was experiencing 
accelerated sedimentation and substantial loss of storage capacity (Quinones and others, 1989). As a result, the 
Puerto Rican Government began a study with the USGS to quantify suspended-sediment transport in select 
subbasins of varying land uses in the Lago Loiza basin (Gellis and others, 1999). 














Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29. 2001, Reno, Nevada 














Setting 
Lago PUERTO FICO 
Lago Loiza wy Puerto Rico is 180 km by 65 
Loiza reservoir o—_ km and is the smallest island 
basin Cammnatan SA in the greater Antilles. 





rocks (granodiorite) and 
volcaniclastic rocks (fig. 2a). 
Average annual rainfall 
measured at San Lorenzo, 5 
km from the study subbasin 
(fig. 1), was 2,475 mm 
during 1969-93. Land use in 
Trrsm the subbasin is rural and 
—_— | agricultural, and most land is 
a used for pam 2b); 
bare ground is cropland. 
Average slope is 33%. Land 


: , use in the subbasin is 
Figure 1. Location of Quebrada Blanca subbasin within the Lago Loiza basin. iniad > 


METHODS the larger Lago Loiza basin. 


Factors that control suspended-sediment characteristics during storm-generated runoff events were examined at 
Quebrada Blanca near El Jagual for October 1988 to September 1993, using statistical techniques. Two dependent 
factors were defined io describe suspended sediment: (1) suspended-sediment load and (2) the discharge-weighted 
sediment concentration. Discharge-weighted sediment concentration (in mg/L) is a variable computed as total 
suspended-sediment load divided by total runoff of the storm event (Guy, 1964). Discharge-weighted sediment 
concentration is an informative way to look at sediment transport because it normalizes the total suspended-sediment 
load by the total amount of runoff transporting the sediment. Twenty-three independent variables believed to 
control suspended sediment during storms events were compiled (Table 1). The independent variables were divided 
into three time categories: (1) characteristics of the previous event, (2) characteristics between events, and (3) 
characteristics of the current event (Table |). 


Sediment characteristics were analyzed following the steps outlined in figure 3. First, the 23 independent variables 
were tested for normality by visually inspecting the histograms of residuals generated by linear regression (Helse! 
and Hirsch, 1992). Those variables found to be non-normal were log-transformed. At this point, two distinct 
approaches to reducing the number of variables were used to assess potential analytical and interpretive advantages . 
The first approach was an inspection of the Pearson's product-moment correlation matrix to remove highly 
correlated (r 2 0.80) variables. The second approach was a more involved principal component analysis of the 
correlation matrix. Principal components analysis is a statistical tool used to reduce the dimensionality of the data 
scatter onto a new set of axes (Davis, 1973) and to compute new composite variables that are uncorrelated. The first 
axis explains most of the variance in the data, and subsequent axes explain the remaining variance. In factor 
analysis, a smaller number of principal components are selected to determine a simplified structure to the data. The 
smaller number of principal components was based on examination of the scree plot. A scree plot is a plot of 
eigenvalues against their principal component axis. The uncorrelated variables resulting from the two approaches 
were then subjected to forward-stepwise multiple regression, with the F-to-enter and F-to-remove level of 
significance set at 0.05. To avoid problems with spurious relations among the dependent and independent 
variables, the quickflow (runoff minus baseflow) of the current event was removed as an independent variable when 
examining discharge-weighted sediment concentration as a dependent variable in forward-stepwise regression 
analyses. Hydrograph separation techniques were used to separate baseflow from stormwater runoff into quickflow 
(Hewlett and Hibbert, 1967). 
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Table 1. Independent variables believed to influence suspended-sediment concentrations. Only those flow 
variables related to quickflow are shown. {Abbreviations used in the text are in bold’ “LG in indicates a log 








transformation. ] 

PREVIOUS EVENT BETWEEN EVENTS CURRENT EVENT 

Peak flow of the previous event (using Total rainfall between events Quickflow (12-LGQUICK) 
quickflow or total runoff) divided by divided by hours since the 

hours since the peakflow previous event 

(1-LGLSPKTI) (9-LGPPTBTW) 





Sum of peakflows of the previous event Maximum | 5-rcunute rainfall Total rainfall (13-LGRAIN) 
(using either quickflow or total runoff) intensity between events divided 
divided by hours since the previous event | by hours since the previous event 








(2-LGSMLSPK) (10-LGINTBET) | 

Quickflow of the previous event divided | Total runoff between events Maxo:,;ar: 15-muanute rainfall intensity 
by hours since the previous event divided by hours since the (14-INT5) 

(3-LGQULST) previous event (11-RNBTWTI) 

Combined quickflow 75-% rainfall intensity (1S-LGSFIVE) 


of last 3 events divided by time over the 
last 3 events (4-LYGQU3EVT) 









































Total rainfall of the previous event Baseflow at start of event 
divided by hours since the previous event (16-LGBASE) 
(5-LGQULST) | 
Maximum 15-minute intensity of the Maximum peak flow (using either 
previous event divided by hours since the quickflow or total runoff) (17-LGPK) 
previous event (6-LGINTLST) 
75-% intensity of the previous event Sum of peakflows in event (using either 
divided by hours since the previous event quickflow or total runoff) 
(7-LGL750TI) (18-LGSMPK) 
Sum of last 3 rainfall events divided by Hysteresis characteristic 
time over the last 3 events (19-H YSTER ) 
(8-LGSUM3PPTI) 1 = normal hysteresis loop 
0 = reverse hysteresis loop 
Total rainfall on rising limb to highest 
peakflow (20-LGRRISE) 
Total rainfall on falling limb ffter 
highest peakflow (21-RAINFOL) 
Maximum rate of hydrograph rise for 
any peak, from preceding trough to 
peak (22-LGMXTRP) 
Maximum rate of hydrograph nse from 
start of event to the highest peakflow 
(23-LGMXTMJPK) 
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Figure 2. Quebrada Blanca subbasin (a) geology and hydrography 
and (b) land use. 


RESULTS AND DISCUSSION 


From July 4, 1989, to September 15, 1993, 25 runoff events were sampled to define suspended-sedimeni loads and 
concentrations for the storm-generated runoff hydrograph. The two dependent variables, suspended-sediment load, 
in tonnes, and discharge-weighted sediment concentration, in mg/L, were used to described suspended-sediment 
transport in the quickflow portion of the hydrograph. Tests for normality using the residuals indicated that 19 of the 
23 independent variables needed a log transformation Analysis of the correlation matrix showed a high correlation 
(r > 0.80) among five variables (1-LGLSPKTI, 6-LGINTLST, 13-LGRAIN, 23-LGMXTMIJPK, and 17-LGPK) 
and these variables were removed. The variables are explained in table |. Important relations of the dependent 
variables to the independent variables that were observed in the correlation matrix are log suspended-sediment load 
to 18-LGSMPK and 12-LGQUICK and log discharge-weighted sediment concentration to 22-LGMXTRP (fig. 4). 


Results of forward-stepwise regression on the 18 remaining independent variables against the 2 dependent vanables 
are shown in Table 2. The four most important variables explaining both dependent variables were related to the 
characteristics of the current runoff event (Table 2). 18-LGSMPK is significant in step one of the forward-stepwise 
regression against log suspended-sediment load. In relation to the log of suspended-sediment load, 1) the R’ 1s 0.72, 
indicating that the correlation is high, and 2) the coefficient is positive, indicating that an increase in suspended- 
sediment load is related to an increase in the sum of peakflows (18-LGSMPK) (fig. 4a). The next important current 
event variable that appears in the forward-stepwise regression analysis is 12-LGQUICK, and the coefficient is 
positive (table 2). 
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2. Runoff . 
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Pr S$ and factor 
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: = pA 
g Reduce data 
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' regression analysis 

e Forward-stepwise 

regression analysis 


Figure 3. Steps used in the statistical analysis of si\ispended sediment. 


Using the log discharge-weighted sediment concentration as a dependent variable indicated that 22-LGMXTRP was 
significant in step one (fig. 4c). 22-LGMXTRP is the maximum rate of hydrograph rise for any peak and indicates 
that faster rising discharge increases sediment concentration. 20-LGRRISE was important step two of forward- 


stepwise regression (Table 2). 


Table 2. Results of forward-stepwise regression using quickflow characteristics. 
Variable abbreviations uefined in table | milligrams per liter] 
in the 






































Van Slope 
Dependent vanable model R2 F statistic | coefficient Constant 
Log suspended-sediment — 18-LG 
load (tonnes) aan 0.72 $5.1 1.0 | 0.89 
"Two TD-LGOUICK 080 1765 056 368 
is-LOSMPKSCSCS T7s 068 
Log discharge- weighted 12-LOMXTRP 050 | 201 0.46 263 
sediment concentration 
(mg/L) he 
Two 20-LGRRISE 0.62 6.04 0.45 258 
| 22-LGM 21.3 0.43 


























Principal components analysis was performed on the data set for quickflow. More than 67% of the total variance is 
explained by the first three component axes. Examination of the scree plot showed cight components to be 
important and were selected for factor analysis. Forward-stepwise regression was performed on this data set using 
the dependent variables, log suspended-sediment load, and log discharge- weighted sediment concentration 
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Figure 4. Relation of dependent variables for storm-generated 
runoff events at Quebrada Bianca showing highest RF’ 
values for quickflow characteristics (a), sediment load (b), 
and discharge-weighted sediment concentration (c). 





Forward-stepwise regression was 
performed on the principal 
components against the two 
dependent variables (Table 3). The 
least-squares regression coefficients 
are all <0.S0 for step one. Using log 
suspended-sediment load as a 


RAINFOL, and 13-LGRAIN) aad 
flow characteristics (18-LGSMPK, 
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The results of forward-stepwise regression on the principal components using the log discharge-wenghted sedument 
concentration as a depeadent variable showed PC2 bas hgh positive loadings (> 0.50) from rainfall (20-LGRRISE, 
21-RAINFOL, 13-LGRAIN) and flow characteristics (17-LGPK, 18-LGSMPK) of the current event. High negative 
loadings (< -0.50) from PC2 are from characteristics of the previous three events (8-LGSUM3PPTI and 4- 
LGQUS3EVT) and a characteristic between events (11-RNBTWT1). The coefficient is positive, indicating that as 
As characteristics of the three previous events and between events increase, discharge-weighted sediment 
concentration decreases. 


The results of forward-stepwise regression analysis on the principal components, using both dependent variables, are 
sumular to the conclusions drawn from forward- stepwise regression on the independent variables for the entire event 
(Tables 2 and 3). Using both dependent variables indicated that characteristics of the current event appeared to be 
significant in step one of forward-stepwise regression. However, 22-LGMXTRP was important m step one of 

regression using discharge-weighted sediment concentration as a dependent variable (Table 2). 
22-LGMXTRP did not appear to have high loadings on PC2. 


Statistical analyses (not shown) were also performed using the total runoff of the event, which includes baseflow, on 
the two dependent variables, log suspended-sediment load and log discharge-weighted sediment concentration. 
Results were simular to the analyses using quickflow and showed charactenstics of the current event as umportant 
Results of forward-stepwise regression indicated current runoff peakflow (18-LGSMPK) as significant im step one 
suulinian ten eouneaioh caliiess teal The log of total runoff was significant in step two of forward-stepwise 
regression. The results of forward-stepwise regression using discharge-weighted sediment concentration showed 
22-LGMXTRP as significant in step one and a rainfall characteristic, 20-LGRRISE, as significant in step two. 
Principal components analysis showed PC2 as the most important principal component explaining log suspended- 
sediment load and discharge-weighted sediment concentration PC2 showed the same results for each dependent 
variable of positive loadings on characteristics of the current event and negative loadings on previous and between 
event characteristics. The coefficient was positive for log suspended-sediment load and discharge-weighted 
sediment concentration. 


Table 3. i i oe or eee 
tkflow characteristics. /PC. princi 
’ Depe 














ara [ Sp | Vrs moll [1 Fei] Co a 


CONCLUSIONS 






codimnent tend 
tonnes 











concentration (mg/L) 

















Storm-generated suspended-sediment loads and concentrations for one subbasin of the Lago Lowa basin, Quebrada 
Blanca (8 42 km’), dominantly used for pasture, were statistically tested against independent variables related to 
three time categories: (1) characteristics of the previous event, (2) characteristics between events, and (3) 
characteristics of the current event: Forward-stepwise regression analysis on the independent variables and principal 
components showed that characteristics of the current runoff event are most important. These characteristics include 
magnitude of peak flows, sum of peak discharges, and maximum rate of hydrograph rise for any peak in the runoff 
event 


Results for the forward-stepwice regression on the principal components using log suspended-sediment load as an 
dependent variable are similar to the result: for the log discharpe-weighted sediment concentration as a dependent 
variable. Both results show PC2 as important im step one of forward-stepwise regression. High loadings on PC2 
show current event characteristics have signs opposite to those from the previous three events characteristics and 
between events. This may indicate a flushing mechanism in the watershed exists, which causes suspended-sediment 
loads to decrease because of the previous three events and between event characteristics. Using hydrograph 
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separation of the storm-gencratec runoff event into quickflow did not umprove the statistical relations compared to 
using totai runoff 
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INTRODUCTION 


The Reynolds Creek Expersmental Watershed (RCEW) runoff and sedimentation program provides 
fundamental information for research into hydrologic processes, precipstation-runoff relationships, 
hydrograph characteristics, water yseld, and the interactive effects of climate, vegetation, soils and land 
use on rangeland hydrologic response. The RCEW basic data set provides a basis for evaluating temporal 
variability m hydrologic regime and water yield, and for evaluating spatial variability within a Atypicalé 
upland rangeland landscape. Rangeland watersheds, with high-clevation seasonal snowpack provide a 
mayor source of runoff for spring and carly summer, supply water for on-site biological production, in- 
generation. Discharge and sediment data from RCEW are particularly valuable for understanding 
complex upland runoff and sediment generation processes of rain and snowmelt on snow and frozen so:'s 
[Flerchinger et al , 1994], which can produce flooding and property damage throughout the northwestern 
United States | Slaughter et al, 1997]. 


Early research in RCEW focused on relationships between runoff source areas and water yield [Johnson 
aed Hanson, 1976, Johnson and Smith, 1978). Selected source areas of varying size, clevation, aspect, 
climate, geology, seils and vegetation characteristics were instrumented, monitored and analyzed. The 
RCEW data provide a basis for investigating scale relationships in rangeland watersheds [Seyfried and 
Wilcox, 1995) and for comparison with other hydrologic systems | Slaughter et al., 1996]. Recent work 
has emphasized runoff and erosion processes at varying scales, through use of small-scale intensively 
instrumented study basins within RCEW [Pierson et al , 1994), and use of RCEW data as a framework 
for hydrologic and hydraulic process research. 


The primary objectives of carly sediment measurements in RCEW were to accurately sample sediment 
transport at key stations and to determine sediment yrelds from instrumented watersheds, especially 
during storm runoff events. Selected locations for monitoring sediment were instrumented in the mid- 
1960's. Bed! ad transport was measured at selected locations during runoff events using both Helley- 
Smith bedload samplers and sediment detention ponds. Bedload contributions to total sediment yields 
were estimated at about 20% of total sedimeni yield [Johnson and Hanson, 1976), and routine bedload 
measurements were discontinued 





Innovations in discharge measurement and sediment sanipling have been tested and applied in RCEW. 
Cooperative studies with the Albrook Hydraulics Laboratory of Washington State University were 
successful in developing the Adrop-box @ weir design that can pass high sediment loads and does not 
require regular channel cleaning /Brakensiek et al, 1979). Drop-box weirs have performed well over a 
wide range of discharges and sedunent loads. A variety of carly sediment samplers such as the U.S. PS- 
69 pumping sampler |Brakensiek et al , 1979) and Helley-Smith bed load samplers were tested in RCEW 
through cooperative efforts with other ARS locations, federal and state agencies, and universities. 
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WATERSHED CHARACTERISTICS 


Reynolds Creek flows almost directly north from the northern flank of the Owyhee Mountains, and is a 
direct tributary of the Snake River. The Outlet weir, which defines the 239 km2 Reynolds Creek 
Experimental Watershed, is located in a narrow canyon |! km south of the confluence of Reynolds Creek 
and the Snake River. The southwestern sector of RCEW is the coolest and wettest portion of the basin, 
while the northeastern sector, which includes Summit Wash and Flats watersheds, is the warmest and 
receives the least precipitation. 


The vegetation of RCEW is almost entirely sagebrush 
rangeland (95%). Plant communities are representative 
of desert, foothill, and high mountain rangelands found 
throughout northwestern United States. The tnajor grass 
species are cheatgrass (Bromus iectorum), bluebunch 
wheatgrass (Pseudoroegneria spicata), bottlebrush 
squirreltail (Elymus elymoides), sandberg bluegrass (Poa 
sandbergii) and Idaho fescue (Festuca idahoensis). The 
cominant shrubs are big sagebrush (Artemisia tridentata), 
low sagebrush (Artemisia arbuscula), bitterbrush 
(Purshia tridentata) and rabbitbrush (Chrysothamnus 
spp.). Significant stands of coniferous forest are found 
only in the extreme southern (highest) sectors of RCEW. 
Approximately two percent of the area is covered by 
small stands of Douglas fir (Pseudotsuga menziesii), 
aspen (Populus spp.}, and alpine fir (Abies lasiocarpa), 
and three percent of the area is flood-irrigated 
pastureland. 


RCEW is developed in an eroded structural basin in 
which late Tertiary volcanic and sedimentary rocks 
overlie Cretaceous granitic basement rocks. The primary 
geologic formations are granitics of the Idaho Batholith, 
Salmon Creek volcanics, the Reynolds Basin group 
complex of basaltic flows, silicic tuff, diatomite, arkosic 
sand and gravel, and latite rhyolitic welded ash flow tuffs 
[ Stephenson, 1977]. 





The soils of RCEW include eight soil associations and 32 
soil series. Major soil associations in RCEW include 
Bakeoven-Reywat-Babbington (35% by area), Harmehl- 
Gabica-Demast (25% of the watershed), and Nannyton- 
Larimer-Ackmen, Dark-Gray Variant (12% by area). Soils 
mapping and detailed descriptions of each association and -—- Figure 1. Stream network, watershed 
individual series are provided in Stephenson [1977] and the | boundaries and weir locations on Reynolds 
availability of those data by Seyfried et al. (2000). Creek Experimental Watershed, Idaho. 





Locations of all stream gauging stations within RCEW are shown in Figure |. The drainage area, 
elevation range and flow characteristics for each gauged watershed are given in Table |. A detailed 
description of the spatial data on soils, geology, topography and vegetation for each watershed is 
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provided by Seyfried et al. [2000]. Brief physical descriptions of each gauged watershed, based on 


Stephenson [1977] and subsequent research, are provided in Pierson et al. (2000). 


Table 1. Watershed name, duration of record, drainage area, range in elevation, stream discharge regime 
characteristics and mean annual stream discharge for each gauged watershed in the Reynolds Creek 

















Experimenta! Watershed, Idaho. 

Duration Stream Mean Annual! Stream 
Watershed Of Drainage Elevation Discharge Discharge 
Name Record Area(ha) Range(m) Regime (m3s-!) (mm) 
Reynolds Crk. Outlet 1963-1996 23,372 1101-2241 Perennial 0.560 75.7 
Reynolds Crk. Toligate 1966-1996 5,444 1410-2241 Perennial 0.424 245.9 
Reynolds Mtn. East 1963-1996 40.5 2026-2137 Perennial 0.00671 §23.1 
Reynolds Mtn. West 1964-1984 51.0 2016-2131  Spring-fed 0.00686 424.9 

Perennial 
Salmon Creek 1964-1996 3,638 1121-1918 Perennial 0.0823 71.4 
Macks Creek 1964-1990 3,175 1145-1891 Intermittent 0.0724 72.0 
Dobson Creek 1973-1980 1,409 1478-2241 Perennial 0.132 295.9 
Murphy Creek 1967-1977 123.8 1383-1822 Spring-fed 0.00752 191.7 
Intermittent 
Upper Sheep Creek 1970-1975 26.1 1839-2017 Intermittent 0.000756 91.6 
1983-1996 
Summit Wash 1967-1975 83.0 1260-1457 Ephemeral 0.0000181 0.7 
Flats 1972-1996 0.9 1190-1198 Ephemeral 0.000000566 2.0 
Nancy Gulch 1971-1996 1.3 1409-1426 Ephemeral 0.00000280 7.0 
Lower Sheep Creek 1967-1984 134 1583-1653 Ephemeral 0.0000362 8.6 
1989-1996 
METHODS 
Runoff 





Five types of stream gauging devices are used on RCEW: (1) Self-Cleaning Overflow V-notch (SCOV) 
weir, (2) drop-box V-notch weir, (3) 30° V-notch weir, (4) 90° V-notch weir, and (5) Parshall flume 


[Brakensiek et al., 1979}. All stations are equipped with stilling-wells and floats for obtaining 


instantaneous measures of stage height. Instrument shelters are heated to permit collection of discharge 
and sediment data during cold winter periods. Gauging stations are visited on a weekly or biweekly basis 
to record staff gauge readings and service all instrumentation [Pierson and Cram, 1998]. The lengths of 
discharge record for each watershed are given in Table 1. 


Stage height rneasurements were originally recorded using Leopold-Stevens A-35 and FW-1 strip chart 
recorders [Brakensiek et al., 1979], later supplanted by electronic data loggers. Pressure sensors are now 
used for redundant back-up measurements of stage height to guard against the occasional plugging of 
stilling well inlet pipes. Strip charts were processed by digitizing selected break-points along a recorded 
continuous trace to create a digital record of instantaneous stage height. Stage height was then used to 
create a digital record of discharge using appropriate weir calibration equations. Later use of electronic 


recording equipment allowed collection of more comprehensive digital data. Stage height is now 


monitored every ten seconds to determine if the stage is rising or falling. If the stage has significantly 
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changed, the new instantaneous stage height value is recorded at the nearest minute. If the stage has not 
significantly changed, then instantaneous stage height is recorded every fifteen minutes. Accuracy of 
stage height measurements is periodically checked against manual staff gauge measurements; if 
necessary, corrections to the recorded data are made in a linear step-wise fashion between staff gauge 
readings. Errors in gauge height measurements due to ice build-up in the weirs in winter are ocularly 
identified and manually corrected. Hourly runoff records are created from break-point runoff data using 
linear interpolation between break-point estimates. 


Suspended Sediment 

Suspended sediment samples were collected at Reynolds Creek: Outlet, Reynolds Creek: Tolligate and 
Reynolds Creek: Reynolds Mountain East Basin gauging stations during the period covered by this 
report. Suspended sediment samples were collected manually in early years using a DH-48 integrated 
sampler at the large weirs or simple grab samples at the smaller weirs. Automated sediment samplers 
were subsequently used at all stream gauging sites to collect suspended sediment samples. Chickasha, 
PS-67, PS-69, ISCO, Maning and Sigma pump samplers have been used to collect suspended sediment 
samples at different gauging stations during different time periods [Brakensiek et al., 1979]. All stations 
are currently equipped with Sigma pump samplers. Collected sediment samples are filtered and weighed 
to determine sediment concentration of each sample [Pierson and Cram, 1998}. The types of sediment 
samplers used and the length of sediment record for each gauging station are given in Table 2. 





Table 2. Duration of record for measured and estimated suspended sediment concentrations using 
different types of sediment samplers for each gauged watershed in Reynolds Creek Experimental 
Watershed, Idaho. 











Sediment Duration of Duration of 
Watershed Watershed Sampler Measured Estimated Break-Point 
Name ID Number Used Concentrations Concentrations 

Reynolds Creek Outlet 036x68 Hand 1965-1975 1967-1975 
PS-67 1975-1979 1975-1979 
PS-69 1980-1988 1980-1986 

Sigma 1989-1996 
Reynolds Creek 116x83 Hand 1967-1969 1967-1969 
Tollgate PS-67 1969-1979 1969-1979 
PS-69 1980-1986 1980-1986 

ISCO 1987-1994 

Sigma 1994-1996 
Reynolds Mountain 166x76 Chickasha 1969-1984 1969-1984 
East Manning 1984-1986 1984-1986 

ISCO 1987-1996 











Early sediment data include only manua!ly-sampled sediment concentrations for large events. Later, 
automated sediment samplers made it possible to collect more samples during all events, but samplers 
were often unreliable resulting in intermittent missing data during early years of automated sampling. 
Pump samplers have become more reliable in recent years, and when coupled with data loggers can 
collect sediment samples at critical points during runoff events (e.g., Figure 5 portrays a typical runoff 
event with corresponding sediment concentrations and sample times). 
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A continuous break-point record of sediment concentrations was created based upon measured sediment 
concentrations and runoff patterns. This record was combined with the runoff record to estimate monthly 
and annual sediment yields. Both the record of measured sediment concentrations and the record of 
estimated break-point sediment concentrations are now available. 





RUNOFF REGIME 28 

Outlet 
Three stream gauging stations along the main stem of , 
Reynolds Creek (Outlet, Toligate and Reynolds Mountain 
East) constitute the backbone of the stream gauging 
network within RCEW. Stream discharge has been 
measured from Outlet and Reynolds Mountain East weirs 
starting with the 1963 water year and continuing 
uninterrupted to the present time (Table 1). Tollgate weir 
was installed in 1966 to represent the mid-elevations on 
RCEW. Ten additional stream gauging stations were 
subsequently installed; five of those were still active in 
1996 (Table 1). 





Toligate 


Stream discharge throughout RCEW is dominated by 
runoff from spring snowmelt, particularly at higher 
elevations (Figure 2). Average monthly discharge is 
greatest during May at all elevations. However, lower 
elevations also show the impact of rain-on-snow events 
during the winter months, resulting in a more even 
distribution of discharge from December through June. 
Mean annual discharge is quite variable between 
locations, varying with basin size, basin elevation, and 
specific setting within RCEW (Table 2). 





Reynolds Min. East 


Average Monthity Discharge - Period of Record (m/s) 


0024 











Discharge is quite variable between years at all locations. Oct Mer Doe Jon Fed Mer Apr Moy dun Jo! Avg Sop 
Figure 3 shows the average daily discharge rate for 

Outlet, Tollgate and Reynolds Mountain East basins during Figure 2. Average monthly discharge rate 
years with high and low precipitation and stream discharge. for Outlet, Tollgate and Reynolds 
During high-flow years, discharge follows the expected Mountain East watersheds in Reynolds 
pattern of increasing with discharge area: Outlet has the Creek Experimental Watershed, Idaho 
greatest discharge, followed by Toligate, then by Reynolds 

Mountain East. During low-flow years, discharge rates are generally an order of magnitude lower, with 
highest flows being measured at Tollgate rather than Outlet due to water being diverted from Reynolds 
Creek below Tollgate for local irrigation. Specific discharge rates (Figure 4) are higher for areas with 
greater proportions of high elevation (Table 1). The high annuai variability in discharge between high- and 
low-precipitation years is again demonstrated in Figure 4. 


Peak div zharge rates for the ten greatest events recorded at Outlet, Tollgate and Reynolds Mountain East 
weirs are given in Table 3. The highest flows at Outlet have been driven primarily by rain-on-snow 
winter events, while Reynolds Mountain high flows have been dominated by rapid spring snowmelt. The 
winter flood in December 1964 was the highest flow recorded for both stations. Mid-elevations 
represeriiod by the Tollgate weir experience both winter rain-on-snow and spring snowmelt events. 
Occasional intense thunderstorms can .mpact all elevations, but are particularly important for lower 
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elevations and the eastern side of RCEW. The fifth-largest peak flow recorded at Outlet (Table 3) was 
the result of a short-duration high-intensity convective storm centered over Summit Wash, in the dry 
northeastern sector of RCEW. 

SUSPENDED SEDIMENT REGIME 


A record of suspended sediment concentrations is available for Outlet, Tollgate and Reynolds Mountain 
East watersheds. The record began at Outlet weir in 1965 when major runoff events were sampled using 
periodic grab samples throughoui the duration of the event. The first pump samplers were used in 1969 
increasing the number of events sampled and the number of samples taken during each event (Table 2). 
In current practice, sediment concentrations are intensely sampled during all events and periodically 
sampled during low flows. Figure 5 illustrates the frequency at which suspended sediment concentration 
is currently sampled at Outlet, Tollgate and Reynolds Mountain East weirs during runoff events. 


Large runoff events account for must of the sediment yielded from RCEW [Johnson and Hanson, 1976}. 
Sediment concentrations are highest during the rising stages of an event and then sharply decrease until 
discharge rate again rapidly increases during the next runoff event (Figure 5). Sediment concentrations 
during low flows are generally two orders of magnitude lower than during runoff events and contribute 
little to the overall RCEW sediment budget. Johnson and Hanson [1976] reported that average sediment 
yields from RCEW and individual watersheds (3,200 to 23,000 ha) ranged from 1.!4 to 1.9 
tonnes/ha/year. Sediment concentrations and annual sediment yield increase with drainage area, as 
illustrated in Figure 5. During spring runoff, sediment concentrations for the e..tire RCEW can be an 
order of magnitude higher than for high elevations above Tollgate weir and two orders of magnitude 
higher than for Reynolds Mountain East Basin (Figure 5). 
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Figure 3. Average daily discharge rate for Outlet, Figure 4. Average daily discharge for Outlet, 
Tollgate and Reynolds Mountain East Tollgate and Reynolds Mountain East watersheds 
watersheds during low (1992) and high (1984) during low (1992) and high (1984) water years 
water years in Reynolds Creek Experimental normalized by watershed area in Reynolds 
Watershed, Idaho. Creek Experimental Watershed, Idaho. 
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Table 3. Top ten highest peak discharge events for Outlet, Tollgate and Reynolds Mountain East 
watersheds in the Reynolds Creek Experimental Watershed, Idaho. 


























Reynolds Creek Reynolds Creek Reynolds Mountain 
Outlet Tollgate East Basin 
Date Peak Discharge Date Peak Discharge Date Peak Discharge 
(m3s-!) (m3s-!) (m3s-!) 

12/23/64 109.03 12/19/81 12.10 12/23/64 0.303 
01/31/63 66.02 01/21/69 11.47 05/29/83 0.282 
02/15/82 58.97 04/11/82 11.26 06/02/75 0.263 
01/11/79 47.09 05/13/84 8.96 05/29/84 0.245 
06/11/77 31.70 03/18/93 8.43 05/12/93 0.182 
01/28/65 31.53 06/07/67 8.16 06/06/72 0.177 
01/21/69 25.48 02/23/86 7.88 05/17/70 0.167 
04/11/82 24.40 06/06/93 7.71 05/04/71 0.163 
01/27/70 20.64 03/02/72 7.67 04/28/90 0.155 
03/02/72 19.19 05/28/83 7.51 05/22/67 0.154 

- - - ~ ~ ~- ~ vy = 

DATA AVAILABILITY 


Discharge data from thirteen weirs located on the 
RCEW are available from the anonymous FTP site 
fip.nwrc.ars.usda.gov maintained by the USDA 
Agricultural Research Service, Northwest 
Watershed Research Center in Boise, Idaho, USA 
[Pierson et al., 2000]. Sediment data from three 
weirs are also available on the same FTP site and 
located in the same directory as the discharge data. 
An ASCII README file on the FTP site gives a 
detailed description of the file formats and 
contents. 


DISCLAIMER 


The mention of trade names or commercial 
products does not constitute endorsement or 
recommendation for use. The Agricultural 
Research Service (ARS) is a research organization. 
There are no legal mandates for the agency to 
collect or to distribute data collected for specific 
research projects. These data are being made 
available to the research community to promote the 
general knowledge of the processes relating to our 
country's natural resources. 
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Figure 5. Discharge rate and associated 
measured sediment concentrations for Outlet, 
Tollgate and Reynolds Mountain East 
watersheds during spring flow 1995 in 
Reynolds Creek Experimental Watershed, 
Idaho. 
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ACCURACY, CONSISTENCY, and RELIABILITY of SEDIMENT MEASUREMENT 
and MANAGEMENT, and THEIR COSTS 


Liu Chuang, Senior Program Analyst, Natural Resources Conservation Servic2, U.S. 
Department of Agriculture, Washington, D.C. 


Liu Chuang, Room 6162, USDA South Building, phone: 202-720-7076, fax: 202-720-6473, 
liu-hsiung.chuang@usda.gov 


INTRODUCTION 


This paper aims to use one example of sediment measurement to convey the basic concepts of 
economic reasoning. Sediment measurement program is chosen for its general familiarity among 
participants in this conference. 


Sediment is a phenomenon of soil erosion process, which generally starts with soil first being 
detached by wind or water, or other forces, then further transported and finally either becomes 
suspended particles in water or wind and finally settled on land surface. Sediment represents the 
soil quantity suspended or deposited. 


Sediment has been cited to be the number one threat to American water quality. Sediment 
impairs fish respiration, plant productivity, and ecosystems of other marine life, and further 
limits the aesthetic, transportation, hydro-power and recreational usefulness of rivers and lakes. 


Sediment information is used for measuring effects of changing agricultural practices, for 
engineering design of facilities, such as bridges, locks, dams, and hydropower structures, for 
reservoir study to help reservoir maintenance. 


Measurement of sediment, like measurement of any other physical or non-physical matter and 
variables, always aims to provide accurate, consistent, and reliable estimates for users or 
potential users. 


Accuracy on sediment measurement means measured sediment is close to actual amount of 
sediment one intends to measure, or the difference between sediment actually measured and the 
sediment intended to be measured becomes the minimum. In statistical terms, unbiased 
estimator of sediment measurement satisfies the requirement of accuracy. 





Consistency on sediment measurement means methods and procedures used to measure sediment 
in different time and location should be the same, so comparison among the measured sediment 
value in different locations and times could be consistently compared. Consistency in statistical 
terms means that estimates of true sediment in a samp!e become closer to the true value of 
sediment when sample size becomes larger, or the variance of an estimated sediment value 
becomes smaller when the sample size increases. 
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Reliability has been used interchangeably with precision. It means that under same conditions of 
measurement, the method and procedures of sediment measurement would yield estimates of the 
expected value of the true sediment value repetitiously. In other words, it means an estimate 
from a more reliable estimator would have a higher probability of being close to the expected 
value than an estimate from a less reliable estimator. In general statistical terms, one would say 
that within a given interval, a more reliable estimator has less chance of producing an estimate 
outside of that interval than a less reliable estimator. 


In principle the more accurate, consistent, and reliable sediment measurement, the larger a 
sample size and more effort will be needed. The more effort for sediment measurement means 
that more investment in resources for measurement and these include effort, human hours, 
instruments and materials. This will increase the costs of measurement. 


THE FACTOR INPUTS AND PROCEDURES FOR SEDIMENT MEASUREMENT 


Sediment data collection and management are just a small part of the earth-science data for 
which the USGS and other associated agencies and institutions are responsible. Sediment 
measurement involves several major tasks. These are 1) to monitor sediment transport in 

streams by collecting water samples at selected sites, 2) to measure suspended-sediment 
concentration in water, then 3) to estimate total suspended-sediment load flowing past a site, then 
4) to publish information and data, and 5) to circulate and distribute these data and information 
to users. 


In order to do the tasks described above, USGS and responsible agencies need to build 
monitoring stations and hire sediment observers in the country. Several steps are needed to build 
the monitoring stations. Planning and decision on site selection will first be made. Construction 
and installation of the monitoring site will then follow with the inspection and tcsting of the 
instruments. Simultaneously, sediment observers will be hired and trained by the USGS 
personnel. 


The cost components of the sediment measurement primarily will consist of the following items: 
A monitoring stream gagging shelter 
Mechanical/electronic instruments in a shelter near stream will include: 


Wire-weight gage (a drum with single layer of cable, bronze weight, a graduated 
disc, a counter, and a aluminum box) 

Sediment sampler box, 

Suspended sediment sampler, 

Staff gage (monitor elevation/gage height of water on site) 





Personnel of USGS do regular site visits at least every 6 weeks to (1) collect samples at the gage 
house or a specific site, and (2) restock supply of bottles, nozzles, gaskets, log sheets, markers, 
thermometers, or other supplies. They also conduct the analysis of the data being collected. To 
be more specific, to operate and maintain the site the USGS personnei have basic duties such as 
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1) To inform the sediment observer of the sampling strategy to follow at the site, like a 
fixed schedule (per day, per week, or month), or a schedule based on water discharge 
(like, sample 3 times per day during floods), and . 


2) To provide supplies needed by the sediment observer to consistently collect accurate 
water sample and data. 


3) To collect water samples (measure suspended sediment concentration (mg/1)) and to 
re-supply periodically for the monitoring station. 


4) To estimate mean discharge, mean concentration, sediment discharge, and other 
variables as requested. 


5) To publish the data, and circulate/distribute to audiences 


In general, more samples will be collected during floods. These samples are critical to measure 
and compute, as well as to publish sediment records at these sites. Water sample collection by 
USGS sediment observer will involve a set of standard procedures. An observer would spend 
approximately 15 minutes per site per sampling. This results in about 5 hours per month actual 
time spent at each gage. This estimate does not include driving time. In general, an observer 
with one station receives $100 per month to collect 3 sample per week, and an additional sampie 
for additional $7.50. 


USGS pays the sample observer every 3 months or quarterly. Sediment observers should never 
risk injury to collect samples, and can call collect any time to USGS personnel on any concerns 
related to sampling. However, if there is an accident related to water sampling by the observer, 
USGS might have difficulty to escape responsibility for part or whole of the associated remedies. 


THE PRODUCTION FUNCTION FOR SEDIMENT MEASUREMENT AND 
INFORMATION PRODUCTION 





From the above discussion and explanation of the factor inputs and processes needed for 
producing sediment information, a simple production could then be hypothesized as follows: 


Input in labor hour (L) includes: 


e Staff time of USGS personnel in planning, contracting, inspecting, managing, and 
processing the payments to any contractors for site construction and installation, and 
procurement of supplies (L‘). 

e Staff time in hiring, training the sediment observer and in analyzing and processing 
sediment data for users (L2). 

e Sediment observers’ time to collect and record the water sample (L3). 


Fixed and variable material capital inputs (K) include: 
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e Fixed capital investment in monitoring site evaluation, planning, and construction of the 
monitoring site (K1). 

e Mechanical and electronic instruments (K2) 

e Variable supplies for the site and monitoring activities (K3). 


Management and technological factor input (A, B) will take into account the evaluation and 
selectioi of the site and all instruments, the design of all instruments used, and the knowledge 
and skills in the development and integration of all the personnel and material components. 


Assuming S is the data and information of sediment report, then the above inputs for sediment 
monitoring could be structured into a simple production function as follows: 


S= f(K, L)-AK+ BL 


Where S= sediment data and information including mean discharge, sediment discharge, 
mean concentration, temperature, and others. 


A and B are technology coefficient vectors for capital and labor, where A=A1, A2, and 
A3, B=B1, B2, and B3. 
K, the capital inputs including both fixed (shelter site) and variable capital (instruments 


supplies), where K@K 1 +K2 +K3 
L, the labor hovws of all sediment management personne! and observers, sum of all labor 
hours, where L=L1+L2+L3. 


The production function, as one can observe, is a technical or engineering relation between 
output and inputs. For any given set of inputs, the production processes are designed to yield the 
greatest output. Economists or engineers are interested in finding the maximum output for any 
given set of inputs in the production function. 


Output, in our example here is the flow of sediment data and information generated by the 
combined efforts of all the personne! and material investment involved. The data and 
information of sediment could be expressed as an indexed output. Output could also be 
expressed as multi-products, such as water height, temperature, mean discharge, mean 
concentration, and sedirnent discharge. Material capital inputs could be considered as stock or 
flow concepts and they could be more than one kind as discussed previously. The same situation 
exists among different kinds of labor as =xpressed in labor hours that are flow concepts. 


As technology changes, the parameters of the prodi:ction function would also change. In a world 
of progress, both capital and labor quality would change along the time. Therefore, the 
hypothesized production function could be rewritten into the following: 

S= F (K, L. A, B, t) 


Where t is time, or time period, 
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S 1s the sediment output in time, 
K is the capital input in time, 
L is the labor imput in time. 


Data used to estimate parameters in the hypothyzed production function could come from time 
series or cross sectional data. Time series are from daily, monthly, quarterly and yearly data of 
both output and input series. Cross sectional data could come from, in our example, different 


MINIMIZING THE ECONOMIC BURDEN OF SEDIMENT MEASUREMENT 


Although no prices are given to the value of sediment measurement, and USGS is not selling the 
data for profit, we still could have a hypothetical or “shadow” price for the unit value of the 
sediment measurement to derive the expected total value of the sediment information for the 
country. The cost function of the sediment measurement will be derived from the production 
function we discussed. However, in a governmental setting, where the expected total cost of the 
sediment measures would be like any governmental project, it makes sense to minimize total cost 
for any given output of the sediment measures. By definition, the total cost will be the sum of all 
labor costs, capital costs and material cost together. Since we define 3 kinds of labor, there 
should have 3 levels of wages. Likewise, 3 kinds of capital will have 3 kinds of rental rate for 
them. 


Minimize total cost CewlL! +w2L2 +w3L3+KiIrl+Kr2+K3r3 


Subject to production constraints where S={(K,L)"AK+BL (1) 
S is a given set of sediment measurement 

K=K1+K2+K3 

LLI+L2+L3 

A@(A,A2,A3), B=(B1,B2,B3) 

Ratios of factor costs = ratios of corresponding marginal productivity 


W1i/W2ef(Liyf(L2) (2) 
WI/W3= f(LIyf(L3) (3) 
Wi/rief(LIyf(Kl) (4) 
Wi/r2ef(LIyvf(K2) (5) 
Wi/3ef(LIyf(K3) (6) 


There are 7 equations and are 7 unknowns. These equations could be transformed into a form 
wnat a production input such as labor and capital is a function of a set of factor price ratios plus 
the level of sediment measurement, such as L1) @f1(w1/w2, wi/w3, wi/rl, wi/r2, wi/r3, S). 


By multiplying individual cost rate (wage, or capital orice) to the above equation, the above 
equation becomes: w!L!-w1fl(wage and capital rate ratios and S). The same procedure is 
applied to the other 5 equations to provide similar types of equations. Then, by summing all the 
5 equations to derive the total cost function for sediment measurement as follows: 


CeF (wl, w2, w3, ri.r2, 13, S) 


N13 
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The total cost therefore is a function of factor unit costs and total level of sediment measurement. 
The supply function of each factor for sediment measurement is equivalent to the marginal cost 
(MC) function of the total cost function, which can be expressed as L1=MC (individual factor 
unit costs, and the total unit cost of the sediment measurement.) 


In order to minimize the total cost of the sediment measurement under a determined level of 
sediment measurement, the conditions should be observec 

Ratios of factor costs = ratios of corresponding marginal productivity. 

Or, the value of marginal product of an input, like L1, should be equal to the 

value of marginal product of every other input used in the production of S. 


For example: If the wage rate of USGS personnel is $40 per hour, while the wage rate of 
sediment observers is $20 per hour (as reported $100 for 5 hours in average), the unit cost ratio 
of these two types of labor input is 2. The ratio of having an incremental increase in sediment 
measurement by hiring additional USGS personnel and the incremental increase in sediment 
measurement by an additional sediment observer should be 2. In other words, the additional 
sediment measurement of a USGS personnel should be at least 2 times that of an sediment 
observer, otherwise it would not be economical. 


In order to increase the accuracy, consistency and reliability of sediment measurement, more 
samples or more sediment measurement will need to be taken. This could come from hiring 
more sediment observers, increasing USGS supervisory and analytical personnel on the project, 
or building more sediment monitoring stations. For considering these options, the economic rule 
of thumb suggests that the unit cost ratios of each pair of factor inputs should be equal to the 
ratios of incremental sediment measurement information made with respect to the corresponding 
paired factor inputs. 


ECONOMIC BURDEN AND REQUIREMENTS OF SEDIMENT MEASUREMENTS 


Accuracy versus economic burden 


Accuracy in sediment measurement means unbiased measurement in statistical terms. Let S’ be 
the estimator of the hypothetically true sediment measurement S, two conditions should be met. 
The expected value of S’, or E(S’), should be equal to S. When the frequency of measurement 
reaching infinity, the expected value of sediment measurement will be equal to its hypothetical 
value. By definition in mathematical term, the accuracy or unbiased measurement could be 
written in the following equations: 





E(S’)=S (1) 
E(S’) = [ S’f(S’) dS’ (2) 
By definition of Equation 2 above, when frequency of measurement is large, then the measured 


average sediment will be equal or approximately approach to the true sediment measure the 
sediment design has been looking for. 
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To increase the frequency of sediment measurement we will have to require the sediment 
observer to get more water samples than originally agreed or planned. The implication of the 
requirement for accuracy is a higher variable cost of sediment measurement. Variable cost 
elements will include the hours spent by sediment observers, the USGS personnel time of 
monitoring and supervising the monitoring stations, the supplies such as water bottle, log paper, 
and markers. Frequent use of the fixed components of the monitoring stations will increase the 
depreciation of the instruments installed for the monitoring activities. The potential increase of 
failure rate of these instruments and equipment, the reliability of the monitoring station will be 
decreased. 


Therefore, in the onset of the monitoring design it will be critical to decide the frequency and 
timing of water sample collection, especially in the planning stage. Good effort on this criterion 
will produce a better plan, better data for requesting needed budget, and certainly will yield more 
accurate estimate of the average sediment estimates for each station. 


Consistency and reliability versus economic burden 
Consistency means if the sediment average measures tend to become concentrated on the true 


value of the sediment average, or the hypothetically expected sediment average, the sediment 
monitoring station has been designed for. Consistency means that when sample size increases 
the estimated sediment average become closer to its true average, or become a more reliable 
estimate of the true value. 


When an estimate is consistent, it becomes an efficient estimate with less variation, and it also 
becomes a more reliable estimate because the chance of accepting an false estimate as well as 
rejecting a true estimate becomes smaller. Therefore, consistency requires another statistical 
condition, that the variance of an estimate, S’, should becomes smaller and smaller when the 
sample size becomes bigger and bigger. 





Var (S’) < Var (S’’), where S”’ is alternative estimators of the sediment. 


In brief, to gain more consistent and reliable estimates of the sediment averages, the sample size 
should be larger. Therefore, the cost, especially the variable cost of the monitoring activities of 
sediment will increase. 


Reliability 


Reliability is a statistic that shows the probability of having true value of sediment measured 
within a certain percentage range of the estimated sediment value, like 5%. This statistic is a 
component of accuracy and closely related to consistency of an estimated sediment value. Once 
the bias and distribution of a estimated sediment value have been determined, the predictive 
power, or reliability of the estimated sediment value of its true value can then be determined. To 
increase sample size will notonly increase the accuracy and consistency of an estimate, but also 
the reliability of the predictive power of the measured sediment value. As we have discussed 
above, the increase of sample size certainly will increase the costs of sediment measurement. 
However, by choosing to measure more samples within a flooding period, fewer samples within 
a slow flow period from a stream, the sample design basically reduces the variance of the 
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estimated sediment value, and hence enhances its predictive power, or reliability, in estimating 
the true value of sediment. 


CONCLUSIONS AND RECOMMENDATIONS 


To increase accuracy, consistency and reliability of measuring suspended sediment in water, 
more sampling or larger samples in general will be needed. 


Since sediment measurement is a public endeavor rather than a profit maximization activity, 
economic conditions for profit maximization will not be applied. Instead, cost minimization 
conditions by subjecting the total cost function to be under constraints of different levels of 
marginal productivity of sediment measurement should be considered. 


The crucial economic conditions for weighing the choices of action to increase the frequency of 
water sampling and analysis activities are the ratios of unit cost of factor inputs for the sediment 
measurement. These factor inputs could be the estimated labor hours of USGS supervisory and 
analytical personnel and that of sediment observer, and the rental rate or cost of capital 
investment in water monitoring station and its associated electronic instruments as well as 
needed material supplies. 

For better design in order to derive more consistent, unbiased, and reliable estirnates of sediment 
measurement, it is crucial to incorporate the expected statistical parameters the audience or users 
of these measures consider acceptable. Also, the pre-knowledge and analysis of the production 
and cost function of entire set of measurement stations and their administrative and management 


support, and the trade-off in cost and productivity among all factor inputs in the sediment 
measurement system should be crucial in helping i educing costs of the sediment measurement. 
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A SPREADSHEET ANALYSIS OF SUSPENDED-SEDIMENT 
SAMPLING ERRORS 


By John V. Skiruer, Hydrologist 
8129 Andreas Path, Seymour, IN 47274 


Abstract: Accurate sampling of suspended sediment requires special conditions at the entrance 
of an upstream facing nozzle. Flow velocity within the nozzle must match the upstream velocity 
in the proximity of the opening. Unfortunately, meeting this exacting requircment is seldom 
possible. This paper presents a method for evaluating sampling errors at a single vertical in a 
flow cross-section. A popular spreadsheet format is used to analyze four hypothetical samplers 
with abnormal inflow characteristics. They are evaluated under three flow regimes and four 
sizes of sediment particles. The data verify the importance of using samplers with ideal 
characteristics. Among the hypothetical samplers, the one with excessively high intake rates is 
superior to those with abnormally low rates. Errors are greatest with the largest grains 
(0.45mm) moving in low flows. 





INTRODUCTION 


Assessing errors in sampling suspended sediment is difficult for users as well as designers of 
sampling equipmeut. Errors arise from many sources that include inadequate coverage of 
temporal and spatial variations in sediment discharge. The frequency of sampling must be 
adequate to document the most rapid changes in discharge. Spatial sampling must be adequate to 
account for point-to-point variations in sediment distribution within a river cross section. This 
report addresses another aspect of errors, namely their relation to intake characteristics of 
samplers. With growing diversity in sampling requirements, designers and users alike must 
sometimes embrace equipment with intake (filling rate} churacteristics that are less than ideal. 
This report presents a method for estimating errors in depth integrating a single vertical. The 
method is applied to four hypothetical samplers with distinctly different intake characteristics. 


In isokinetic sampling, flow approaches and then enters a sampler's nozzle without undergoing 
acceleration. Neither the speed nor direction of flow changes as water is captured and routed to 
the sampling container. In non-isokinetic sampling, errors arise from two sources stemming from 
discharge biasing and particle momentum. With discharge biasing, a point in a vertical 
contributes to a sample but the contribution is not proportional to the discharge at the point. In 
other words, the contribution is not velocity weighted. Regions of low flow may contribute 
disproportionately large fractions to a sample while regions of high flow contribute small 
fractions. The other error, particle momentum, stems from curvatures in streamlines as water 
accelerates to enter a nozzle. If inflow is hypeikinetic (nozzle flow exceeds approach velocity), 
streamlines converge on the nozzle but sediment particles, owing to their momentum, resist the 
converging forces and escape capture. Consequently, sediment concentration in the sample falls 
below that in the approaching flow. The action reverses in hypokinetic sampling when inflow is 
slower than approach velocity. In this case, sample concentration is erroneously high. 


A sampling-error study conducted by the Federal Interagency Sedimentation Project (FISP, 
Report 3,1941) addressed discharge biasing but neglected particle-momentum errors. Later, data 
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on momentum effects were published (FISP, Report 5, 1941). The present report incorporates 
the momentum data in an error analysis, which is presented in a popular spreadsheet format. 


The particle-momertum experiment was conducted in a recirculating flume filled with water and 
sedimeni particles sieved into narrow size ranges. The test section was fitted with two upstream- 
facing nozzles mounted side-by-side and symmetrically !ocated in the test section. One nozzle 
was siphoned at isokinetic intake rates while the other was siphoned at rates ranging from 
hyperkinetic through isokinetic to hypokinetic. One at a time, four grain sizes of sediment were 
tested: 0.45, 0.15, 0.06 and 0.01 mm. Error data were presented as graphs, which have been 
converted to power-series equations for use in the spreadsheet. Figure 1 shows plots of the 
equations. 





—e—0.45 mm particles 

—g— 0.15 mm particles 
0.06 mm particles 

—_—_|—»¢— 0.0imm particies __  S 
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Relative Sampling Rate 


Figure |--Particle-momentum sampling errors 


In figure |. relative sampling rate 'S the intake rate of the test nozzle divided by the isokinetic 
rate. Hyperkinetic rates plot to the nght of 1.0; hypokinetic rates to the left. On the vertical axis, 
concentration errors are in percent with zero error occurring at a relative rate of 1.0. Errors are 
largest for the biggest grains, 0.45 mm. Errors are nearly insignificant at all relative sampling 
rates for the smallest grains, 0.01 mm. Within each grain size, errors are larger for hypokinetic 
rates than for hyperkinetic rates. 
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A sampler’s intake characteristic is important in that it shows intake rates at various depths along 
a sampling vertical. Intake measurements are usually made in a laboratory flume. Water 
discharge is stabilized then flow velocity is measured at a test point chosen to minimize 
interference from the flume walls and surface waves. The current meter is then removed and the 
sampler is held at the test point for a measured time interval. After retrieving the sampler, the 
volume of water collected is measured. Intake rate is computed from the volume, the sampling 
interval and the cross-sectional area of the nozzle. Intake rate is plotted opposite the approach 
velocity, then flume discharge is set to a new level and the process is repeated. During 
development of a new sampler, intake characteristics are charted through a broad range of 
approach velocities, but once a sampler is in production, quality-control checks are usually made 
at only one or two points. 


When a sampler operates at depths of several meters, as during actual river sampling, stringent 
controls must be observed to insure its intake characteristics apply. Descent speeds must allow 
for pressure equalization otherwise water floods the air-exhaust tube which, during proper 
operation, vents air from the sample container as water enters through the nozzle. Excessive 
rates of descent or ascent also create strong vertical currents, which interfere with smooth 
entrance flows. Limits on lowering and raising speeds, which are discussed in FISP 
publications, constrain a sampler's operating depth. Throughout this paper, it is assumed intake 
characteristics govern sampling operation at all depths. 


Four hypothetical intake characteristics are shown in figure 2 and are analyzed in the 
spreadsheet. Scales on figure 2 are in ft/s to aid readers in comparing intake-characteristic plots 
in FISP publications. Units of ft/s can be converted to m/s by multiplying by 0.3048. On figure 
2, an ideal sampler plots as "SI" with intake velocities matching approach velocities through a 
broad range. Points falling above the SI line are hyperkinetic: points below are hypokinetic. 
Sampler SL is hypokinetic through its full range. Furthermore, it stops sampling approach 
velocities slower than 1.5 ft/s (0.45 m/s). For approach velocities faster than 0.6 m/s, intake rates 
plot parallel to the ideal line, SI. Sampler SL has characteristics similar to some bag samplers in 
which stiffness of the bag prevents inflow in slow moving water. Sampler SR is also similar to 
some bag samplers that refuse to sample slow-moving water but are compensated through 
hyperkinetic operation at high velocities. This performance is achieved by creating strong 
suction pressures outside the bag. Sampler SF has an inflow velocity of 1.5 ft/s (0.45 m/s) in 
slack water. This operation is typical of many depth-integrating samplers, which have air- 
exhausts tubes opening above the intake nozzles. The intake of SF falls below the ideal for 
approach velocities higher than 3ft/s (0.9m/s). Sampler SH also samples in slack water but, 
unlike SF, it is hyperkinetic throughout its entire range. The four test samplers, SL, SF, SH and 
SR suffer from deficiencies that, for purposes of comparison, exaggerate shortcomings of 
production samplers. Characteristics of samplers in the U.S. series deviate from the ideal by 
only a few percent. 


Ni 
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Figure 2--Intake characteristics of hypothetical test samplers 


COMPUTATIONAL METHOD 


The initial step in computing sampling errors is to assign constants listed in column A of the 
spreadsheet (figure 3). “© ‘irst entry is the sampler type, SF in this case. The note is a 
reminder to enter the intas:. ...aracteristic in equation form in all cells of column J. Returning to 
column A, the following parameters are listed in order (a) the sediment concentration at the 
stream bottom, (b) the fall velocity of the particle-size class, (c) Manning's roughness coefficient, 
(d) stream depth at the sampling vertical, (e¢) mean velocity in the vertical, (f) entrance diameter 
of the sampling 10zzle and (g) the sampling interval in seconds for each segment of the vertical. 


In the computations, the vertical is arbitrarily divided into twenty segments. As an 
approximation, velocities and concentrations are assumed equal at all points within a segment 
Accuracy of the approximation can be improved at the expense of using more segments and 
working with larger spreadsheets. The segmeiits are listed in column B with their boundaries 
shown as fractional depths with zero at the water surface and 1.0 at the stream bottom. Column C 
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Figure 3—-Sample spreadsheet for sampling errors in a vertical. 
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inverts the segment designation to simplify certain computations. The value 1.0 now designates 
the water surface and "0" the stream bottom. 


Stream velocities at segment boundaries are computed in column D from the following velocity 
equation extracted from Report 3 (FISP, Report 3, 1941): 


V = Van [1+(9.50/D "(1 +og, h)] (1) 


V is stream velocity at h, 

Vm is mean velocity in the vertical, 

n is Manning's roughness coefficient, 

D is stream depth at the vertical, and 

h is the ratio of the distance to a point above the streambed to the total depth at the 
vertical. 


Equation | has the deficiency of yielding negative velocities near the streambed and an 
indeterminate value at the bed. Overriding the equation and inserting a value of zero at the bed 
circumvents this difficulty. 


Column E shows mean velocities within the segments. Each mean is the average of two values: 
the velocity at the top of the segment and the velocity at the bottom. Mean values are displaced 
downward one cell so the entry for the top segment is in cell E3. 


From velocities in each segment, the volume of water collected by the iceal sampler is 
computed. Inflow is isokinetic, so the volume (column F) is the product of stream velocity 
(column E), sampling time (1 second as entered in cell A17) and nozzle-entrance area. 


Column G shows sediment concentration along the vertical as computed from the equation 
N=N.'™ (2) 


t = (0.0086cD '*y(nV,,) (3) 


In these equations, N is sediment concentration at relative elevation h, 
N, is sediment concentration at the streambed, 

c is the fall velocity of the particle size class, 

V.» is the mean velocity in the vertical, 

n is Manning's roughness coefficient, and 

D is stream depth at the vertical. 


As with velocity data, concentrations are averages of values at the top and bottom of each 
segment. Concentrations within the segments are in column H. Computing sediment inflow to 
the ideal sampler is the next step. Because inflow is isokinetic, segment concentrations (column 
G) are multiplied by sample volumes (column F). The products are listed in column I. 
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Intake velocities for the test sampler SF are computed from its intake-characteristic equations 
and flow velocities within the segments (column E). Intake velocities, which are tabulated in 
column J, are then multiplied by nozzle area and sampling time to obtain sample volumes in 
column K. Relative sampling rates, calculated as intake velocities (column J) divided by stream 
velocities (column E), are tabulated in column L. From relative-sampling rates and particle size 
(0.45 mm), concentration errors (figure 1) are computed in column M. 

Concentrations eriering the test sampler are computed from concentrations within the segments 
(column H) and concentration errors from column M. Results rounded to two decimal places are 
hsted in column N. Sediment masses collected by the test sampler are computed from 
concentration data in column N and sample-volume data in column K. Masses rounded to two 
places are listed in column O. 


Properties of the composite samples representing the entire vertical are computed from data for 
individual segments. The composite volume collected by the ideal sampler is the sum of data in 
column F. The total is in cell F24. The composite volume collected by the test sampler is the 
sum of data in column K. The total is in cell K24. Total sediment mass collected by the ideal 
sampler is the sum of data in column I. The total is in cell 124. Total sediment mass collected by 
the test sampler is the sum of data in column O. The total is in cell O24. Concentrations of the 
composites are computed as the ratio of total sediment mass to total sample volume. Results for 
the ideal and test sampler are in cells F26 and 026 respectively. 


All computations are based on equations which do not appear on spreadsheet printouts but are 
embedded in the cells. These equations may be obtained at the Internet site 


http://fisp.wes.army.mil. 
SUMMARY OF RESULTS 


Sampling errors for complete verticals are listed in the upper half of table 1. High flow is 
arbitrarily taken as a depth of 10 ft (3.05 m) and a mean velocity of 6 fi/s (1.83 m/s); medium 
flow is 6 ft (1.83 m) and 4 fi/s (1.22 m/s); low flow is 3 ft (0.91 m) and 2 fi/s (0.61 m/s). The 
bottom half of table 1 shows errors with an unsampled zone approximated by deleting data for 
the bottom segment for the ideal and test samplers. 


Table 1 shows sampler SH is superior in every category of particle size, fluw regime and 
integration depth. The sampler's hyperkinetic intake rate guarantees that all segments are 
sampled to some degree even though intake rates are not discharge weighted. However, sampler 
SH has significant errors, which are greatest in a combination of low flow and maximum grain 
size. The data verify the importance of using samplers with isokinetic or nearly isokinetic 
characteristics. In terms of concentration, over-sampling (positive errors) can occur within every 
segment, yet under-sampling (negative errors) can occur for the composite sample representing 
the entire vertical. The combination of positive and negative errors stems from volumetncally 
over-sampling segments near the surface where, compared to segments near the bed, particles are 
present in low concentrations. The excessive inflow from the surface dilutes the entire sample to 
produce an erroneously low concentration 
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Across particle sizes, errors increase with shifts toward larger grains. Because of their high fall 
velocities, large particles concentrate near the bottom. Errors in sampling lower segments mask 
inflows from the remaining portion of the vertical. Eliminating the bottom segment (lower half 
of table |) reduces errors but at the expense of ignoring transport near the bed. 


Table 1--Rank of samplers by concentration errors. Samplers are listed in order of absolute 
error with the most desirable (smallest error) at the head of each category. Percent errors with 
signs are in parenthesis. 
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COMPUTATION OF SUSPENDED-SZEDIMENT CONCENTRATIONS IN STREAMS 


David J. Holtschlag, Hydrologist, U.S. Geological Survey, Lansing, Michigan 
6520 Mercantile Way, Suite 5, Lansing, Michigan 48911! 
voice: (517) 887-8910; fax: ($17) 887-8937; email: djholtsc@usgs.gov 


Abstract Optimal estimators are developed for computation of suspended-sediment concentrations in 
streams. The estimators are a function of parameters, computed by use of generalized least-squares 
regression, that simultaneously account for effects of streamflow, seasonal variations in average sediment 
concentrations, a dynamic error component, and the uncertainty in concentration measurements. The 
parameters are used in a Kalman filter for on-line estimation and ar associated smoother for off-line 
estimation of suspended-sediment concentrations. The accuracies of the optimal estimators are compared 
with alternative interpolation and regression estimators b/ use of long-term daily-mean suspended- 
sediment concentration and streamflow data from 10 sit -s within the United States. For sampling 
intervals from 3 to 48 days, the standard errors of on-li x¢ and off-line optimal estimators ranged from 
52.7 to 107 percent, and from 39.5 to 93.0 percent, res ectively. The corresponding standard errors of 
linear and cubic-spline interpolators ranged from 48.8 to 158 percent, and from 50.6 to 176 percent, 
respectively. The standard errors of simple and multiple regression estimators, which did not vary with 
the sampling interval, were 124 percent and 105 percent, respectively. Thus, the off-line estimator 
(srnoother) had the lowest error characteristics among the estimators evaluated. Because suspended- 
sediment concentrations are typically measured at less than three-day intervals, use of optimal estimators 
will likely result in significant improvements in the accuracy of continuous suspended-sediment 
concentration records. Additional research on the integration of direct suspended-sediment concentration 
measurements and optimal estimators applied at hourly or shorter intervals 1s needed. 


INTRODUCTION 
Computation of average sediment concentrations and flux rates requires the integration of continuous data 
on streamflow with discrete measurements of sediment concentration. This integration 1s commonly 
carned out by interpolating discrete measurements by use of time-averaging or flow-weighting methods. 
Phillips et al. (1999) compared 20 existing and two proposed methods for computing loads and found that 
a time-averaging method produced the most precise estimates for two stations analyzed. The precision of 
this method decreases significantly, however, as the sampling interval increases (Phillips et al, 1999). 
Furthermore, Bukaveckas ef a/ (1998) conclude that time-averaging methods may produce biased 
estimates of flux during pernods of varnable discharge. 
A sediment-rating curve approach (Helsel and Hirsch, 1992) 1s a common method of flow weighting. A 
rating curve generally describes the relation between the natural logarithms (logs) of suspended-sediment 
concentration and the logs of streamflow. This rating-curve approach, however, has been found to 
underestimate river loads (Ferguson, 1986). In addition, Bukaveckas ef al (1998) indicate that flow- 
weighting methods may produce biased estimates if the concentration-ctreamflow relation is affected by 
antecedent conditions or has seasonal variabiliiy. Seasonal rating curves are used to reduce the scatter 
and to climinate this bias at some sites (Yang, 1996). 


Purpose and This paper develops optimal on-line and off-line estimators of suspended-sediment 
concentrations for streams on the basis of daily values of computed suspended-sediment concentration 
and flow information. Data from 10 sites are used to compare the accuracy of the optimal estimators with 
interpolation and regression estimators (Koltun, Gray, and McEthone, 1994) that are commonly used to 
compute suspended-sediment concentration records. The estimators were restricted to those that could be 
readily implemented with data that are generally available at gaging stations. The choice of daily-value, 
rather than unit-value (hourly or less) computational intervals, however, was based on the greater 
accessibility of daily-values data. The estimators are intended, however, for eventual application at unit- 
value intervals 
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Site Selection: Ten USGS gaging stations (table 1) were selected to develop the estimators and assess 
their accuracy. The sites represent a broad range of basin sizes, -concentration 
charactensucs, and streamflow charactenstics. Basin drainage areas range from 1,610 to 116,000 square 
kilometers (kam’). Median concentrations range form 8 to 3,040 milligrams per liter 
(mg/L). Median streamflow ranged from 0.34 to 241 cubic meters per second (m’/s). Available 
suspended-sediment particle-size distribution data indicates that the percentage of suspended sediment 
finer than 0.125 millimeters (mm) ranged from 70 percent to 95 percent among sites. 





Table 1. Identification a:.d location of selected sediment gaging stations 











— , _ Mo/Da/Year Bota oe 

gumbe ii. weaned ti ved ape variance of 0.04. 
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09379500 aa aed $9,600 37°08'49" —109°S1'S1” ; aannen 0.1127 
09382000 onan — 3,650 36°52'20" —-111°35'38" aay 0.5496 








ESTIMATORS OF SUSPENDED-SEDIMENT CONCNTRATIONS 
Previous estimators used to compute continuous records of suspended-sediment concentrations (Koltun, 
Gray, and McElhone. 1994) include both interpolators and linear regression models. Interpolators 
provide a simple r.:ethod of filling in missing observations between suspended-sediment concentration 
measurements, which are typically obtained at unequal time intervals. These estimators have no rigorous 
mechanism for quantifying the uncertainty of the computed values, but provide estimates that are 
consistent with data at times of direct measurements. Linear regression models condition estimates of 
suspended-sediment concentrations on streamflow (and sometimes other explanatory variables), but do 
not converge properly to observed values at times of direct measurements. This paper describes 
estimators that integrate the benefits of both interpolators and linear regression estimators. 
A natural logarithmic (log) transformation is commonly applied to suspended-sediment concentration and 
streamflow data to create more symmetrically distributed random variables prior to statistical analysis. 
Model development then proceeds in the transformed metric, which more closely satisfies underlying 
statistical assumptions. Estimation of suspended-sediment concentrations, which requires an inverse 
transformation of log concentrations back to the units of measurement, may introduce a bias in the 
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estimation procedure. Walling and Webb (1988) show that exponentiated estimates that are adjusted for 
this possible bias ave significantly less accurate and less precise than estimates that are not adjusted, based 
on load calculations derived from rating curves. 
Interpolators: Both linear and nonlinear interpolation is used to compute daily suspended-sediment 
concentrations from unequally-spaced measurements (Koltun, Gray, and McEthone, 1994). Interpolation 
provides estimates tnat match direct measurements of concentration exactly. Linear interpolations are 
linear in time between log-transformed concentrations. Nonlinear interpolation is based on a cubic spline 
function between log-transformed values. This interpolation produces a continuously differentiable arc 
that approximates a manually drawn curve. Estimates of concentrations from interpolations are obtained 
by inverse log transformation (exponentiation). 
Regression Estimators: Regression estimators provide a statistical model for computing the magnitude 
and uncertainty of suspended-sediment concentrations. These models describe a static statistical relation 
between suspended-sediment concentrations and a corresponding set of explanatory variables. 
Explanatory variables are selected based on their correlation with suspended-sediment concentrations and 
their general availability. Once developed, regression equations are used to estimate suspended-sediment 
concentrations during periods when direct measurements are unavailable. 
Simple linear regression /sir] equations developed in this paper for computing logs of suspended- 
sediment concentrations included an intercept term and a term containing the logs of streamflow. Results 
indicate that the logs of suspendeJ-sediment concentrations were consistently positively related to the 
logs of streamflow, although the proportion of variability accounted for by strearnflow varied widely 
among sites. The sir estimator described a minimum of 1.1 percent of the variability in logs of 
concentrations at Edisto River near Givhans, S.C., and a maximum of 51.4 percent of 
the variability in logs of suspended-sediment concentrations at Paria River at Lees Ferry, Ariz. Residuals 
of all sir equations were highly autocorrelated, thus violating the assumption of independent residuals 
associated with ordinary least-squares regression. 


Multiple linear regression [mir] equations for computing suspended-sediment concentrations included an 
intercept term, a term containing the '..gs of streamflow, a term containing the changes in streamflow rate, 
ard a first-order Fourier approximation of the annual seasonal component. In the mir equations, the 
coefficients associated with the logs of streamflow were positive, indicating a direct relation between 
streamflow and suspended-sedimert concentrations. In addition, with the exception of Paria River at 
Lees Ferry, Az., positive changes in daily streamflow were associated with increasing suspended- 
sediment concentrations. Finally, a seasonal component in logs of suspended-sediment concentrations 
was consistently detected at all sites. Conditioned on streamflow, the day of lowest average suspended- 
sediment concentrations was February 15 and the corresponding day of highest average concentrations 
was August 17. The amplitude of the seasonal coraponent varied from a maximum of 1.0463 (in log of 
mg/L units) at Potomac River at Point of Rocks, Md., to a minimum of 0.2467 at Pee Dee River at 
Peedee, S.C. Similar to the /r results, significant autocorrelation was present in the residuals of mir 
estimates. 








State-Space Estimators: State-space models provide a basis for optimal estimation, that is the 
minimizing of error in the estimate of the state by utilizing knowledge of system and measurement 
dynamics, of system and measurement error variances, and initial condition information (Gelb, 1974, p. 
2). State-space models disaggregate a dynamic system such as suspended-sediment concentrations into 
process and measurement components. The process component describes the evolution of the system 
dynamics and their associated uncertainty. The measurement component describes the static effects of 
explanatory variables and the uncertainty in the measurement process. Together, these components form 
an estimator that continually accounts for the effects of known inputs (such as streamflow) and optimally 
adjusts model estimates for periodic direct measurements that contain some uncertainty. 
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The process of adjusting for direct measurements is described as predicting, filtering, or smoothing, 
depending on the set of direct measurements used in estimation. Predicting uses only measurements prior 
to the time of estimation; filtering uses only measurements up to and including the time of estimation; and 
smooth. g uses measurements before and after the time of estimation. Predicted and filtered estimates 
provide on-line data, that is, information that can be continuously updated to the present (real time). 
Smoothed estimates provide off-line data only, that is, estimates are delayed until subsequent direct 
measurements become available. The accuracy of off-line estimates, however, is generally greater than 
that of corresponding on-line values. Both on-line and off-lines estimators will be developed and 
analyzed in this paper, although the off-line estimators are of primary interest for publication of 
suspended-sediment concentrations. 


Parameters of the state-space models were estimated by use of generalized least-squares regression. The 
generalized least-squares [g/s] model contains two equations. The first equation describes the static 
dependency of suspended-sediment concentrations on the explanatory variables, and is similar in form to 
the multiple regression equations described previcusly. The second equation describes the dynamic error 
characteristics as a p*-order autoregressive process. The parameters relating suspended-sediment 
concentrations to the explanatory variables and describing the autoregressive error characteristics were 
estimated iteratively by specification of the maximum likelihood option in the SAS/ETS*® AUTOREG 
procedure (SAS Institute, 1988, p.177). 


Results of generalized least-squares regressions indicate that the statistical significance of the explanatory 
variables (streamflow, change in streamflow, and an annual seasonal component) is maintained with the 
inclusion of an equation describing the dynamic error component. Further, a p=/ (first order) 
autoregressive process was sufficient to describe the dynamic error characteristics at all selected sites. 
The root mean square error (RMSE) of residuals, from predicting logs of suspended-sediment 
concentration one day in advance of the current time step were significantly lower than the residuals from 
the corresponding multiple-regression equations. The coefficient of determination of the full model, 
including both static and dynamic components, improved significanily, while the autocorrelation of the 
residuals were diminished greatly. 


Once the parameters of the state-space model were estimated, the error component was disaggregated into 
process error and measurement error subcomponents. Both subcomponents were assumed to be normally 
distributed independent sequences with expected values of zero and unknown variances. Estimates of 
individual measurement error variances can be computed by use of direct suspended-sediment 
concentration measurements following methods described by Burkham (1985). In this paper, however, 
daily values rather than direct measurements of suspended-sediment concentrations were used for model 
development, so it was necessary to use an average measurement variance, specified here as 0.04 mg’/L’ 
(about 20 percent). This approximation is not thought to have significantly impacted the results, as the 
final estimates have low sensitivity to the estimate of the measurement variance. Initial estimates of the 
process variances were computed as the difference between the residual variances of the generalized least 

equations and the assigned measurement variance. Final estimates of the process variance were 
adjusted so that the lead | forecast intervals contained 95 percent of the measurements for an alpha (type 
1 error) value of 0.05 (Souris, 1996, p. 139). 


On-Line Estimation: The Kalman filtering algorithm (Grewal and Andrews, 1993) computes on-line 
estimates of suspended-sediment concentrations by use of a state-space model. The algorithm involves a 
two-part computation: a temporal projection, determined by the system dynamics and the process 
variance, and a measurement update, determined by the magnitude of the measured suspended-sediment 
concentrations and the measurement variance. The filter is initiated by use of an estimate of the state and 





' Use of trade names in this paper is for identification only and does not constitute endorsement by the 
U.S. Geological Survey. 
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its variance at time zero. In the process of filtering, a Kalman gain is computed that optimally weights the 
reliability of the model with the reliability of the measurement data and causes the initial estimates of the 

state and its variance to converge to optimal values. Ordinarily, computations for the temporal projection 
and measurement update alternate, causing the state error variance to alternatively increase and decrease. 

If no measurement data is available for a particular interval, however, the measurement update is skipped 

and the state and its variances are maintained from the previous temporal projection. 


Off-Line Estimation: A smoother is a mathematical procedure that combines a forward running filter 
estimate with a backward running filter estimate. Thus, all data before and after the time fo - which the 
estimate is computed, is used to determine an optimal value. Smoothers are based on more data than 
forward running filters and are generally more accurate. Smoothing is considered an off-line estimation 
procedure because estimates are delayed until measurements at the end of the estimation intervals become 
available. In this application, a fixed-interval smoother, which provides optimal values of all states within 
an estimation interval definec by beginning and ending measurements, is computed by an algorithm 
referred to as the Rauch-Tung-Striebel (RTS) smoother (Gelb, 1974, p. 164, Grewal and Andrews, 1993, 
p. 155). To implement the smoother, the Kalman filter is run up to the measurement ending the 
estimation interval. All state and variance elements computed by the forward-running (Kalman) filter are 
subsequently utilized by the backward-running filter. In particular, the initial condition for the smoother 
is the filter estimate formed by the measurement update at the end of the estimation interval. A smoother 
gain is computed and the smoother runs backward in time updating filter estimates of the state and state 
error variance. 


Comparison of Estimators 
Techniques for estimation of suspended-sediment concentrations described in this paper include 
interpolation, regression, and optimal estimators. Figure | provides a graphical comparison of some of 
these estimators for the hypothetical situation in which only | of 12 daily values is available to estimate 
the complete record. Results for the interpolation techniques, which are represented here by cubic-spline 
interpolation, indicate that interpolation fits the selected (direct) measurements, but fails to account for 
streamflow influences and often results in a poor match between the estimates and suspended-sediment 
concentrations not used in the estimation. Similarly, simple linear regression may result in poor estimates 
because it fails to adequately account for the concentration measurements used in estimation, even though 
the estimates are all conditioned on streamflow. Optimal estimators, represented by the off-line 
[Smoother] estimator, effectively accounts for streamflow (and seasonal) influences, and for information 
provided by (direct) measurements used in the estimation. In addition, the optimal estimators provide a 
measure of uncertainty of the estimated record (fig. 2). 
In addition to a graphical comparison, summary statistics were computed to facilitate comparison of the 
accuracies of the alternative estimators. Specifically, the accuracies of simulated sampling intervals of 3, 
6, 12, 24, and 48-days, separated by corresponding estimation intervals of 2, 5, 11, 23, and 47 consecutive 
unsampled days were investigated. The interpolators, filters, and smoothers were updated using data 
from the sampled days, and the accuracy of the estimators was assessed on the basis of RMSE of log 
concentration estimates on unsampled days. Results indicate that the off-line [Smoother| estimator was 
the most accurate (Fig. 3). Although the accuracy of the interpolators was high at shorter sampling 
intervals, this accuracy decreased rapidly with increasing sampling interval. The accuracy of regression 
estimators did not improve locally in response to direct measurements of suspended-sediment 
concentrations. 
The RMSE can be expressed either in log units (as above) or as a standard error in percent. The RMSE in 
percent reflects the coefficient of variation of the estimator as: 


RMSE percem 10042 =100 We! 
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Figure 1. Suspended-sediment concentration and streamflow at Juniata River at Newport, Penn. 
(U.S. Geological Survey gaging station 01567000) 


Results from this analysis indicate that the average standard error for the s/r estimator is 124 percent and 
that the average standard error for the mir estimator is 105 percent. The average standard error of the 
linear interpolator ranged from 48.4 percent for 3-day sampling intervals to 159 percent for 48-day 
sampling intervals. The average standard error of the cubic spline interpolator ranged from 50.6 percent 
for 3-day sampling intervals to 176 percent for 48-day sampling intervals. The average standard error for 
the on-line [Filter] estimator ranged from 52.7 percent for a 3-day sampling interval to 107 percent for 
48-day sampling interval. The average standard error for the off-line [Smoother] estimator ranged from 
39.9 percent for a 3-day sampling interval to 93.0 percent for a 48-day sampling interval. Thus, the off- 
line [Smoother] estimator has the lowest standard error, especially at the shorter sampling intervals that 
are needed to compute continuous records of suspended-sediment concentrations. 


Possible sources of systematic variation in estimation errors among sites were investigated. In particular, 
off-line root-mean-square errors showed a slight tendency to decrease with increasing median discharges. 
Although the number of sites analyzed is thought to be too small to provide conclusive results, the finding 
is consistent with results by Phillips et. a/. (1999), who indicated that the accuracy and precision of the 
estimators that they evaluated declined with a reduction in drainage area. No relation between model 
errors and sediment characteristics was detected. 
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Figure 2. Estimates and «ncertainties of suspended-sediment concentrations at Juniata River at 
Newport, Penn. (U.S. Geological Survey gaging station 01567000) 
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Figure 3. Average root-mean-square error of selected estimators for specified sampling intervals 
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SUMMARY 


This paper develops optimal estimators for on-line and off-line computation of suspended-sediment 
concentrations in streams and compares the accuracies of the optimal estimators with results produced by 
interpolators and regression estimators. The analysis uses long-term daily-mean suspended-sediment 
concentration and streamflow data from ten sites within the United States to compare accuracies of the 
estimators. A log transformation was applied to both suspended-sediment concentration and streamflow 
valves pnor to development of the estimates. 


The optimal estimators are based on a Kalman filter and an associated smoother to produce the on-line 
and off-line estimates, respectively. The optimal estimators included site-specific parameters, which were 
estimated by generalized least squares, to account for influences associated with ancillary variables, 
including streamflow and annual seasonality, on suspended-sediment concentrations. In addition, the 
optimal estimators account for autoregressive-error components and uncertaindes in the accuracy of direct 
measurements in computing continuous rccords of suspended-sediment concentrations. Results were 
compared with estimates produced by both linear and cubic-spline interpolators, which do not account for 
ancillary variables, and with simple and multiple-regression estimators, which do not locally account for 
the suspended-sediment concentration measurements. 


The average standard error of simple and multiple regression estimates was 124 and 105 percent, 
respectively. The accuracies of interpolators, and on-line and off-line estimators are related to 
measurement frequency, and were compared at simulated measurement intervals of 3, 6, 12, 24, and 48- 
days. The average standard error of the linear interpolator ranged from 48.4 percent for 3-day sampling 
intervals to 159 percent for 48-day sampling intervals. The average standard error of the cubic spline 


interpolator ranged from 50.6 percent for 3-day sampling intervals to 176 percent for 48-day sampling 
intervals. The average standard error for the on-line estimator ranged from 52.7 percent for a 3-day 
sampling interval to 107 percent for 48-day sampling interval. The average standard error of the off-line 
estimator ranged from 39.9 percent for a 3-day sampling interval to 93.0 percent for a 48-day sampling. 


The use of the optimal estimators rather than interpolators or regression estimators will improve the 
accuracy and quantify the uncertainty of records computed on the basis of suspended-sediment 
concentrations measured at intervals less than 48 days. Although in this paper, parameters for the 
estimators were developed on the basis of daily values data, it is anticipated that in typical applications 
the estimators will be development on the basis of unit-value data and direct measurement information. 
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DATA MINING AND CALIBRATION OF SEDIMENT TRANSPORT MODELS 
Peter Waldo, Geologist, USDA NRCS, Fort Worth, TX 


Data manang consists of the discovery of patterns and trends in data sets to find useful decision-making relanonships 
This study illustrates the apphcation of statistical data munung techmsques to hydrologic and sediment data from 6 
stream gaging stations in the Susitna River basin, Alaska (Williams and Rosgen, 1989). The Susitna River basin 
occupies more than $0,069 km’ in southcentral Alaska. Brabets (1996) described stream flow hydrology in 
southcentral Alaska and Knott, et. al. (1987) developed predictive equations of suspended sediment and bedload 
discharges for the stations in the Susitna basin. The 6 stations are listed in Table |. 


Table 1. Selected stations in Susitna River basin, Alaska. 


(Symbo!) (Correspondence Class)’ Area, km’ by Glaciers, %” 
15292100 (ST) Susitna near Talkeetna (1) 16,368 7 
15292400 (C) Chulitna below Canyon (2) 6,656 27 
15292439/40 (SC) Susitna below Chulitna (4) 23,179 - 
15292700 (T) Talkeetna (3) 5,195 5 
15292780 (SS) Susitna at Sunshine (4) 28,747 - 
15294345 (Y) Yentna (4) 16,005 -- 


| Correspondence class groups staons by similarity in geomorphic, hydraulic, and sediment properties 2 Knott et 
al., 1987. 


The purpose here 1s to improve understanding of the data by examining thew structure through statistical data mining 
techniques. The data structure is then related to prior knowledge or theories of geomozphology, hydrology, or 
sediment transport The proposed relationships are formulated as hypotheses and tested by the methods of statistical 
inference 


The dats may be visualized as a matrix with n rows and p columns. Each column represents a variable, some of 

which are continuous (¢.g., water discharge) and others are descriptive (¢.g., gaging station names). The rows 

represent the observations and measurements made on a given date at a given gaging station Data mining looks for 

structure or patterns of association within the n x p matrix. Factor analysis finds relationships among the continuous 

variables (Stevens, 1992; Waldo, 1998, 2000a). Cluster analysis formulates hypothetical groupings of simular cases 

Se ee ee ee en, ey ee 
regression 


The Susitna data (Williams and Rosgen, 1989) contains 187 cases and 73 reported and derived variables. Each 
continuous vanable was transformed to an approximately normal distribution by power transformations (Velleman, 
1988, Waldo, 1998; 2000a). Symbols of the variables reported in this manuscript are A = drainage area, km’, Q = 
water discharge, m’/s; V = velocity, m/s; W = channel width at level of water surface, m; D = flow depth, m; T = 
temperature, “C; C = suspended sediment concentration, mg/l; S = suspended load, kg/s, or suspended sediment 
property, B = bedload, kg/s, or bedload sediment property, and M = bed material property. Subscripts denoting 
sediment properties are sd = sand, %; cb ~ cobbles, %, d50 = median grain size, mm. The natural logarithm is used 
in some transformations and 1s designated by In. 


FACTOR ANALYSIS 


Factor analysis in this study consists of principal components analysis of the correlation matrix with varimax 
rotation. Factor analysis applies to the continuous variables which occupy 69 of the 73 columns im the Susitna data 
base. The large number of variables relative to the number of cases (N ~ 187) causes problems with interpreting 


results The following strategy was employed in this study 
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Combune the variables into 4 groups based on the type of information they convey: (1) geomorphic, sediment load, 
and hydraulic variables; (2) suspended sediment variables; (3) bedioad sediment variables; (4) bed material 
variables. Factor analysis is performed separately on each of the 4 groups of variables. See Table 2 for an example. 
Select a subset of vanabies to represent cach of the 4 groups based on the significance and patterns of the variable 
loadings on the factors (Stevens, 1992). 


Table 2. Factor analysis of bedload variables (N = 182). 


Factor | Factor 2 Factor 3 
Varp ‘le (Medium) (Fine) (Coarse) Communality 
B, kg/s - 60 AS 
<0.062 mm - 66 44 
<.12 mm -83 .70 
<0.25 mm -.67 4S 
<0.5 mm BS 76 
<i mm 98 % 
<2 mm 98 98 
<4mm 97 97 
<8 mm 95 97 
<16mm 37 »” 92 
<32 mm 65 58 78 
<64 mm 5) 69 
Sand % 98 98 
Gravel % 99 98 
Cobbles % - 82 69 
dove, Mm 68 47 
dy, mm -.72 62 
4... mm - 62 -49 64 


Note: Only loadings judged significant at a = 0.01 are shown. Variables selected to represent the bedload subset of 
variables in other multivariate analyses are designated by bold type. 


Combine the 4 subsets of variables into a new matrix. Perform factor analysis on that matrix and use the results to 
represent the multivariate interactions of the original 69 continuous variables. Examine the results (Table 3) and 
formulate hypotheses or theones about the loading patterns of the vanables on the factors. 


Table 3 contains the final results of factor analysis of the Susitna River data. Note that N = 146 and not 187 because 
of massing measurements from 41 cases. Factor | expresses sediment transport characteristics of the data whereas 
factor 2 expresses hydraulic roughness. Factor 3 characterizes geomorphic attributes of the watersheds above the 
gaging statons and factor 4 conveys information about fluid propertes of the stream water 


Communality (Tables 2 and 3) designates the degree of variance of a given variable accounted for by the chosen 
factors. Suspended sediment load (S) and bedload (B) are candidate dependent variables for which predictive 
equations might be desired. The 16 variable-4 factor analysis in Table 3 accounts for about 91% of the variance of S 
but only about 75% of the variance of B. This suggests that a predictive model of S might be calibrated more 
successfully from these data than for B. The lower communality of B might be accounted for by a greater degree of 
randomness, elumination of one or more key predictors im the data reduction analysis (Table 2), or failure to include 
appropriate data in the original matrix (¢ g , stream bank properties) 


The factor analysis can be used to select a candidate predictor set for regression analysis. For example, the 
dependent variable B loads significantly on both factors | and 2 (Table 3) and one or more predictors should be 
selected from each factor In factor | By and Bys. should not be included because they are properties of the bedload 
itself, C and S should be excluded because they will be considered as dependent variables im other regression 
calibrations. Q, V and D are potential candidates for the predictor set and from factor 2 the 3 properties of the bed 
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material (M) could also be included. The subset of 6 variables can be further reduced by screening analysis (SAS 
Institute, 1995) or by the reduced model-full model (RM-FM) test (Neter, et. al., 1990; Waldo, 1998, 2000b). 


Table 3. Factor analysis of selected variables, Susitna River, Alaska (N = 146). 





Factor | Factor 2 Factor 3 Factor 4 

Vanable (Sediment) (Roughness) (Geomorphology) (Fluid) Communality 
A@ 93 ~ 
el -48 -84 98 
v's -.67 43 72 
in W 93 87 
p= -68 68 
--66 $2 
ec’ «75 -43 81 
ated 71 -.50 91 
os -.67 -54 75 
s,™ 9” 47 
In 89 84 
B83 ” 
a “ 7 --90 
Me os? 92 87 
Meso °” 9% 95 


Loadings of vanables considered insignificant at a = 0.01 are not shown. 


Factor scores may be saved as variables and used in other statistical techniques such as 
analysis. They provide a means for determining the success of normalizing transforms of the original variables 
(Waldo, 2000a). Factor scores may be used to correlate other variables to the factors. For example, slope of the 
water surface was not reported (Williams and Rosgen, 1989) for 2 of the 6 stations. Correlations of slope to the 
factor scores suggest it relates primarily to watershed geomorphology variables as follows. 


Factor | (Sediment Transport): 4.26 
Factor 2 (Hydraulic Roughness): 0.19 

Factor 3 (Geomorphology): 0 80 
Factor 4 (Fluid Properties): O31 


CLUSTER, CONTINGENCY TABLE, AND CORRESPONDENCE ANALYSES 


Cluster analysis includes a variety of techniques used for exploring data structure (Massart and Kaufman, 1983; 
Waldo, 1998). The method chosen for this study consists of hierarchical clustering of cases by Ward's method. 
Cluster analysis may reveal several levels of structure im the data (Waldo, 1998) and the level most relevant to the 
purposes of this study 1s selected by interpretation (Figure 1a) The variables used to characterize the structure of the 
cases were the 16 vanables selected by factor analysis (Table 3). 


Four clusters were selected to interpret data structure. The geomorphological relevance of cach cluster may be 
inferred by comparing mean values of the variables im the cluster to those of the other 3 clusters (Figure 1b). For 
example, the Type 3 cluster has relatively low discharges of water and sediment compared to the other clusters. The 
texture of suspended, bedload, and bed material sediments 1s sandy compared to the other clusters. The nature of the 
Type 3 chuster suggests i represents lower flows carrying limited amounts of sandy sediments. Other cluster types 
may be interpreted m a sumilar manner 


Each case used in the analysis may be classified according to cluster type (SAS Institute, 1995). The relationship of 
the nominal values of cluster type to other descriptive variables can be investigated by contingency tables and 
correspondence analysis The potential relanonship of cluster type to stream gaging statoon 1s of interest here 
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Figure |. Types of stream station data derived from hierarchical cluster analysis of 16 variables and 165 
cases, Susitna River basin, Alaska (a) Scree plot, showing that 4 clusters is | possible interpretation of 
the clustering results. (b) Average values of variables by cluster. Type | = low bedioad transport, 
moderate suspended sediment cuscharge, armoured bed. Type 2 - moderste water and high sediment 








Contungency table analysis produces a statistic known as the uniformuty coefficient, R*(U), that undicates the degree 
of association between two descriptive variables. The value of R’(U) = 0.70 (Figure 2a) indicates a high degree of 
association between cluster type and gaging station. Correspondence analysis shows which stations associate more 
strongly with which cluster type (Figure 2b). 


The 6 stations may be grouped into 4 classes depending on their correspondence to cluster type (Table 1). This 
associates Cluster type, originally determined from 165 cases, with all 187 cases. Missing values of underrepresented 
variables (¢.g., water surface slope) can be predicted by computing means or medians of the variables for each 
cluster type or correspondence class. Either cluster type or correspondence class may be used to define indicator 
variables for use in regress: analysis. The significance of differences between types or stations in various model 
spaces can be assessed by statistical hypothesis tests 


REGRESSION ANALYSIS 


Regression analysis 1s typically used in sediment transport studies for calibrating predictive models. Suspended 
sediment and bedload discharges are regressed on water discharge or other predictors Calibrations are performed 
separately at cach station (Knott, et. al, 1987). When data are sparse at certain stations (¢.g.. Susitna River at 
Chulitna River and Yentna River, Table 4) the significance of calibrations is suspect because of low statisncal power 
(Waldo, 2000b) 


An alternative strategy consists of using regression in the data mining approach Select the dependent vanables for 
which predictive models are to be developed (¢ g . suspended sediment and bedload discharges) Assure that those 
variables are included in the factor and cluster analysis steps of the data muning procedure. Select candidate 
predictor variables from factor analysis Use the results of cluster and correspondence analysis to define convement 
yet meaningful groups. Include indicator variables representing the descriptive groups im the predictor set 
Appropnate indicator vanables and thei interactions with the continuous predictors can significantly increase R’ 
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and reduce mean square error (MSE) of the models especially when optumal models are derived from the RM-FM 
test (Neter et. al, 1990; Waldo, 1998; 2000b). The resulting calibrations test the significance of decisions made 
previously «: factor and cluster analysis and identify predictor sets for the final calibravon of predictive models 


(>) Correspondence Diagram 
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Figure 2. Correspondence of 4 hierarchical cluster types to 6 gaging stations in the Susitna River 
basin, Alaska. C = Chuiitna River; SC = Susitna River below Chulitna River confluence; SS = 
Susitna River at Sunshine; ST = Susitna River near Talkeetna; T « Talkeetna River at Talkeetna; Y « 
Yentna River. Cluster Type | = armoured bed, low sediment lead; 2 « unarmoured bed, high 
sediment load, } = low sediment load. sandy sediment, 4 = larger watersheds, high sediment load 


Table 4 reports model calibrations for suspended !oad and bedload discharges regressed on the continuous predictor 
water discharge Logarithmic transforms were used for all continuous vanables because the logarnhms performed as 
well or better in the regressions than the univariate normalizing power transformations used im factor and cluster 
analysis Some calibrations to individual! stations suffered from low R’, high MSE, low transportability to other data 
as indicated by R’ pass, and are of questionable significance because of low N A coefficient calibrated individually 
at one station cannot be statistically compared to the coefficients at the other statons. 


Suspended load and bedload discharges were calibrated to water discharge using $ indicator variables identifying the 
6 stations (see the grouping variable “stations” on Table 4). Another model using 3 indicators to represent 
correspondence class was also calibrate’ (Figure 3, Table 4). Validation statistics indicate the models for class are 
nearly a3 good as the models using indicators for the stations (Table 4). The use of 3 indicators to define 
correspondence class as a grouping variable as opposed to 5 indicators to define stations does not increase modeling 
efficiency much in this example. However, if more stations were included in the data set defining indicators based 
on correspondence class would lead to a full model predictor set contaming far fewer predictors 


Inspection of Figure 3 reveals 2 lumitations of the linear models representing the 4 correspondence classes. First, 
some of the linear segments fit thei respective classes somewhat poorly suggesting nonlinearity in the models. 
Second, the 4 classes could be combined into 2 broader groups For example, the classes designated “Armoured 
Bed" and “Mixed Channel Type” in Figure 2a could be combined into | group and « nonlinear model fit to those 
data Nonlinearity may be investigated by including polynomials of the continuous predictor inQ in the mode! and 
testing thew significance 


The viability of using 2 groups of stations was tested by defining the groups by graphical methods (SAS Institute, 
1995; Velleman, 1997). The data were plotted by station on inS and inB v. inQ scatterplots. The 6 stations (ic. 4 
correspondence classes) were combined into 2 slightly different groups on the inS and InB plots For example, the 
classes “Abundant Sediment Supply” and “Limited Sediment Supply” (Figure 3) correspond to the stations on 
Chulitna and Talkeetna Rivers respectively (Figure 2b) The data plot on nearly the same trend, suggesting they can 
be grouped together. Chulitna River tends to have higher water and sediment discharges than Talkeetna River 
although both have sumular drainage areas because a higher percentage of the Chulitna headwater area is covered by 
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glaciers (Table 1; Knott et al. 1987). The two visual groups seem to highlight differences in sediment transport 
between stations on tibutanes and stations on the main stem of the Susitna River 


Table 4. Model calibrations, Susitna River, Alaska. 


, 2 3 
Vanable N P ~ MSE R* rares p-- value 
Suspended Load 
Cc 43 i 913 oe 900 <0001 
sc il i 752 42? 6" 0005 
ss 42 1 869 14] RS4 < 0001 
ST 39 j 900 188 ‘886 <0001 
T 42 1 860 275 846 < 0001 
Y 10 i 810 121 79 0004 
Stabons 187 7 924 182 917 <0001 
Class’ 187 $ 922 186 916 <0001 
Bedload 
Cc 43 1 154 230 055 0094 
sc il i 310 457 on" 0753 
ss 42 | 185 405 419 0045 
ST 9 i 754 294 76 < 0001 
T 42 i $19 5% 460 <0001 
Y 10 i 012 124 a” 7659 
Stabons 187 ? 4830 «6 812 <0001 
Class’ 187 6 799 427 780 < 0001 


N = number of observations, p = number of predictors, R’ = coefficient of determination, MSE = mean square error, 
R’rexss ~ R’ computed from Press statustic, p-value from ANOVA table for the regression 


| Class determined by correspondence of 6 stations to 4 cluster types 2 R’papes is undefined because Press statistic 
> total sum of squares 


(Pigure 4a). The bedload 

(Figure 4b). This suggests the type of generalized least squares to use in the final calibrations of the models 
correction of senal correlation of the suspended sediment mode! and weighted least squares to correct nonconstant 
vanance wn the bedload mode! 


| Data muning leads to a sophisticated understanding of data structure Knowledge of data structure umproves 
theoretical understanding of the data and enables calibraton of reliable predictive models The dats muning 


methodology enables efficient use of existing data in addressing specific problems (¢ g sediment transport 
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Figure 3. Relationship of (a) suspended load and (b) bedload to water discharge, Susitna River basin. 
Alaska. Data from 6 gaging sti .ons are grouped into 4 classes by correspondence analysis of the 
stations to 4 chuster types determined by hierarchica! clustering Models calibrated by the reduced 
mode!- full mode! test using ordinary least squares: 


(a) Suspended Sediment Load 
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Figure 4. Diagrostics for multivariate models of sediment loads, Susitns River basin, Alaska. 
Residuals and predicted values are in units of in S and in B both of which are originally in units of 
kgs Vertical and horzonta! scales in both graphs are identical (2) Suspended sediment load, with } 
mussing cases and 5 outhers removed Predictor set includes cubic polynomuls of in Q and in D. an 
indacator grouping the 6 gaging mations into 2 sets. and selected mterectior terms (b) Bedioed. with 
Yentna date and 6 outliers removed Predictor set includes cubs petynor ais of in Q and Mago. an 
indacator grouping the 6 gaging stations into ) sets, and selected interact n terms 
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predictions). This approach might be use<i in the development of data collecting strategies to optimize results of 
future experiments. 


2. Factor analysis finds meaningful grvucs of continuous variables, reduces the number of variables needed in 
subsequent analyses, suggests camcidates to include in regression predictor sets, and produces factor scores 
useful for validating other statistical procedures. 


3. Cluster analysis and graphical methods define groups of cases that can he interpreted in a manner that increases 
understanding of the data structure. Indicator variables may be defined on the basis of cluster type and tested for 
significance by regression a+ \¥ sis. 


4. Contingency tables and correspondence analysis relate cluster types to gaging stations. This enhances 
understanding and interpretation of the data structure and facilitates model calibration. 


5. Regression aalysis with the RM-FM test evaluates hypotheses about the data structure, investigates potential 
predictor sets for model calibration, and suggests methods needed to calibrate the final model as efficiently and 
accurately as possible. 


6. The data structure reflects geomorphic attributes of the Susitna River basin as well as hydraulic and 
sedimentologic relationships. Data mining methods enable incorporation of that information into model 
calibrations through the use of indicator variables and the process of identifying key predictor variables. 
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INTRODUCTION 


Soil erosion by water is a complex process resulting from the interactions among a number of 
factors including weather patterns, soil properties, topography, and the influences of surface 
vegetation. Natural variability is a dominant characteristic of each of these factors, which makes 
predicting soil erosion rates difficult. In many forest conditions, and some rangeland conditions, 
erosion may be minimal under vegetated conditions unless the site is disturbed. Disturbances 
may be fire, logging, grazing, or severe precipitation events. The most extreme erosion rates 
occur when severe weather follows a major disturbance, particularly a severe wildfire. 


Natural resource managers need tools to aid in predicting soil erosion following wildfires to 
estimate potential loss of onsite productivity, or potential offsite damage from sediment to 
aquatic ecosystems or other beneficial uses dependent on quality water. Current erosion 
prediction tools generally are developed from agricultural erosion models, which are intended to 
provide long-term estimates of soil erosion rather than evaluate short-term risks. These models 
typically provide an “average” erosion value, and do not give any estimate of the likelihood of 
major upland erosion occurring. 


Process-based erosion models may provide a means for evaluating complex distributions of 
disturoance from a range of possible weather sequences, but the effort to parameterize such 
models makes them unsuitable for widespread application. However, they can play a role in 
assisting researchers to analyze some of the interactions between erosion factors. 


We are developing an interface to aid in the analysis of erosion prediction following fire, or a 
similar major disturbance, in forests and rangelands. This paper addresses how we intend to 
incorporate the inherent variability associated with the predicted erosion rate, and how that 
variability is influenced by weativer, spatial distribution of disturbances, and soil properties. 


POST-FIRE EROSION FACTORS 


Hillsides are more susceptible to erosion following a fire with decreased canopy and surface 
residue, and in some case a soil that is water repellent. Water repellency is a process that occurs 
when volatilized hydrocarbons released by the fire condense and coat soil particles and 
aggregates. These hydrocarbons repel water, which reduces infiltration rates and increases 
runoff, erosion and sediment delivery from hillsides. With time, they are dissolved by 
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infiltrating water from rainfall and snowmelt. The reduction in vegetative canopy and surface 
residue dramatically increases the potential for soil erosion by increasing the area susceptible to 
raindrop impact and decreasing the potential for sediment deposition. In the year following a 
fire, vegetation regrowth can be rapid because of increased availability of soil nutrients, and 
decreased competition for sunlight and soil water by large trees. Hence, a burned site has a far 
greater likelihood of erosion the year following a fire, with the risk dropping rapidly as 
vegetation regrows, residue accumulates, and water-repellent chemicals break down and are 
flushed from or translocated in the soil. 


VARIABILITY IN SOIL EROSION 


Variability has been identified as a dominant feature in soil erosion research. Coefficients of 
variations and confidence intervals are the most familiar ways of reporting uncertainty, but 
typically they are used only for comparisons. The concept of confidence intervals can be 
extended to a complete probability distribution, which can describe a range of values, each value 
with an associated probability of occurrence. 


Weather Weather is highly variable from one year to the next. Years with a wet spring, 
encouraging considerable vegetation growth, followed by a prolonged, hot summer are more 
likely to have severe rangeland wild fires than are years with drier springs, or cooler or wetter 
summers. In forests, low snow pack years with hot dry springs and summers are more likely to 
have severe wild fires. 





Following a fire, if the weather is very dry, there will be little natural or seeded vegetation 
regrowth and little soil recovery from water repellent conditions. This means that the site can 
remain susceptible to erosion for another “cason. If the weather is very wet, and the soils are 
water repellent, there is a high likelihood of severe soil erosion, but also there will be rapid 
vegetation recovery. Runoff from rainfall or rain-on-snow events will be much greater than 
runoff from melting snow. Generally, snowmelt rates are | to 2 mm hr', whereas rainfall rates 
up to 25 mm hr! are common. 


Onve a site has recovered, rainfall rates in excess of 50 mm hr' or total rainfall amounts greater 
than i100 mm within a day or two are necessary before any significant upland erosion will occur. 
This seldom happens in many forested areas. 


Fire Fire effects on erosion are not homogenous. Fire severity is a description of the impact of a 
fire on the soil and its litter layer. The severity of a fire varies widely in space, depending on 
fuel load, moisture conditions and weather at the time of fire, and the topography. This 
variability often creates variability in severity, leading to mosaic landscapes. Areas that are 
drier, such as those near ridge tops, and areas with greater amounts of fuel, may experience 
higher severity fires. Areas that are wetter, such as riparian areas, will likely have less severe 
fires (Robichaud and Miller 2000). 


Soil and Spatial Variability S©!! properties are naturally highly variable. Soil erosion 
experiments generally measure standard deviations in erodibility values similar to the means, and 
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coefficients of variation greater than 30 percent are common (Elliot et al. 1989). Soils near the 
tops of ridges tend to be coarser grained and shallower, whereas soils at the bottoms of hill 
slopes may be finer grained, while flood plains vary widely depending on past geomorphic 
processes. After fires, this variability increases with variability in water repellency. 


The combined effects of a mosaic in fire severity and soil variability result in spatial variability 
of soil erodibility that has some degree of predictability, but a great deal of natural variability. 
Spatial variability analyses have shown that following some fires, there are definite trends in 
degree of fire severity, whereas, the variability is evenly distributed on a hillslope or watershed 
following other fires (Robichaud and Miller 2000). 


COMBINING VARIABILITIES 


To understand the combined variabilities of climate, fire severity, and soil properties, numerous 
analyses are carried out combining various storms or weather patterns, different distributions of 
disturbance, and an array of soil properties that occur for a given severity of fire. It is 
unreasonable to expect that a single estimate of soil crosion will capture the combined 
probabilities. A better estimate of erosion is to provide a range of possible erosion predictions 
using a Monte-Carlo approach (Haan 1994). The estimated erosion rate can then be expressed as 
the probability of a given level of erosion being exceeded. One of the challenges for this type of 
modeling is developing the statistical distributions of the dependent variables. 


THE WEPP MODEL 


We chose to use the Water Erosion Prediction Project (WEPP) model as the driver for the 
proposed model. WEPP is a physically-based soil erosion model that describes the processes 
that cause erosion (Laflen et al. 1997). As long as the processes are correctly described, and the 
details of the site conditions can be described by the input variables, then the model can be 
applied. For some runs, WEPP may require up to 400 input variables describing soil and 
vegetative properties in great detail. Packaged with WEPP is a daily weather generator, 
CLIGEN. CLIGEN stochastically generates daily weather sequences, which include the 
occurrence of precipitation, and the amount and duration of precipitation on a wet day (Nicks et 
al. 1995). 


The WEPP model can be run either for single storms, with initial conditions such as soil water 
content, surface cover and soil erodibility specified for the storm, or in continuous mode where 
these values are automatically altered daily for a number of years of daily weather. Output 
options from WEPP include average annual runoff and erosion rates, annual erosion rates for the 
length of run, or event runoff and erosion rates for every runoff event during the period of 
simulation (Flanagan and Livingston 1995). The WEPP model has been applied to forest 
conditions with reasonable results, and the database to support the model is increasing (Elliot and 
Hall 1997). 


PROPOSED SPATIALLY-VARIED MODEL 


We are developing a soil erosion interface to use with the WEPP model, combined with a 


VI-35 SY 





Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29. 2001, Reno, Nevada 


Table 1. Range of erodibility values observed in field studies. 











Fire Remaining Ground Saturated hydraulic Kull erodibility 
Severity Cover (percent) conductivity (mm hr-') (s m') 

Low -TH TZ-—3 3x 10°-3x Te 
High 0-60 6-15 2.5x 104-2.5x 10° 





stochastic input data set, to estimate the probability of a given level of soil erosion (Robichaud et 
al. 2000). The user will provide inputs related to local climate, degree of fire severity, soil 
texture, and topography. The user will be given the option to use a storm generated by the 
interface, or to specify the desired storm amount and duration. Once the storm is selected, the 
proposed interface will be run for a large number of spatial distributions and soil property 


combinations, producing a range of possible soil erosion rates. The results will be presented to 
the user in either a tabular or a graphical format. 


Climate There are few weather stations in remote forested areas, a weather station some 
distance from the site of concern may not provide an adequate estimate for a storm. The 
CLIGEN weather generator has a database of over 1100 stations (Flanagan and Livingston 
1995). We have expanded that database to over 2600 (Scheele et al. 2001). In addition, we have 
access to the PRISM database that contains monthly precipitation values for a 4 km grid 
covering the entire continental U.S. This grid will aid users to select a local climate for the 
CLIGEN weather generator (Scheele et al. 2001). CLIGEN can then generate a long term 
climate for running WEPP. To estimate the risk of a given size of storm, a 100-year climate file 
will be generated to run WEPP. WEPP will be run and the output for each event will be 
requested. The event output file will be sorted to determine the greatest, second greatest, fifth, 
tenth, and twentieth greatest erosion events. The storms for these events will provide the user 
with a choice of 5-, 10-, 20-, 50-, and 100-year return periods for storms. The user can select the 
desired return period storm, or specify a storm. 


Soij Research has shown that it is not possible to statistically differentiate more than two levels 
of fire severity, which we define as low and high (Robichaud et al. 1993). The most important 
erosion prediction parameters affected by fire severity include percent ground cover, saturated 
hydraulic conductivity, and nll erodibility. Table | presents the range of values that have been 
measured in field studies. These values can be adjusted for different textures based on research 
observations (Robichaud 2000). 


Spatial variability can be described with different distributions of severity on the 

(figure 1). Figure | shows that the distributions can be grouped into categories of 
erosion risk. Most managers prefer to describe burned sites by these categories of erosion risk as 
“High”, “Moderate” or “Low”. In a previous study, Robichaud and Monroe (1997) showed that 
dividing the hill into three elements is adequate to describe the range of variation of surface 
erosion as influenced by spatial variation. 


RESULTS 


Climate Variability [able 2 presents the results of a set of WEPP runs comparing different 
storm events for a forest with a moderate erosion risk fire. Note that the events that experienced 
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High risk Low risk 








Moderate risk 
Figure 1. Spatial distributions of high (H) and low (L) fire severity describing low, moderate, 
and high erosion risk. 
the greatest erosion were not from the largest storms. Some of the largest storms occurred as 
snowfall, while it is likely that most of the events that caused the greatest amounts of erosion and 
sediment delivery were from rainfall on a snowpack. Table 2 also shows that the CLIGEN 
storms were similar to the 6-nr storms predicted by the NOAA atlas (1973) for central Idaho. 
Work is ongoing to alter the random number generators within CLIGEN, which will likely alter 
the magnitudes of the largest storms (Flanagan et al. 2001). 


Soetiel V erteb tity Single sets of soil properties were defined for low and high severity, and a 
set 0 runs were carried out with the soil properties fixed to demonstrate the variability 


that can be modeled simply by altering the spatial distribution of the fire severity on the hillside 
(figure 1). Table 3 presents the results of this analysis for a 6-hr storm producing 60 mm of 


Table 2. Summary of events for a severely eroded hillsiope from a 100-year WEPP run, with the 
Warren, ID climate, a slope length of 300 m, and a slope steepness of about 40 percent. 
By Detachment By Delivery By Precipitation 
Event Date Detachment Precip | Date Delivery Precip Precip (mm) Date Delivery 
(rm/d) (Mg ne )_ (rm) | (reve) (Mg ha") (mm) | NOAA6-h CLIGEN (m/d) (Mg ha’) 











Largest 3/30 353 | 4/728 339 150 53.3 64.7 34 0.00 
2™ Largest 4/1 ro ; 30.2 15 252 195 45.7 53.4 12/4 0.00 
5" Largest 6/20 79.0 38.0 418 091 380 43.1° 414 6/26 0.00 
O" Largest 5/16 615 204 5/22 0414 302 38.1 49 29 000 
0” Largest re 454 279 12/44 000 534 33.0 304 6/27 0.00 














See 224 111 | 7/26 0.00 260 25.4 245 2/15 0.00 
AA 25-year event and CLIGEN 20-year event 
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Table 3. Effects of the different spatial arrangements on runoff, hillside erosion, and sediment 
delivery for single sets of low and high severity soil properties. The table is in descending 
order by erosion rate. 


Erosion Risk Distribution Runoff (nm) Erosion (Mg ha") _ Sed Yield (Mg ha’) 








High HHH 27.7 77.0 73.0 
High LHH 20.9 66.2 61.5 
High & Mod HHL 172 56 8 30.7 
High & Mod HLH 175 54.5 52.1 
Mod & Low LHL 13.6 445 25.1 
Mod & Low LLH 449 38 4 36.7 

Low HLL 144 145 13.6 

Low LLL ‘19 46 44 





precipitation. A 60-mm rainfall event is about a 100-year event based on CLIGEN and the 
NOAA maps (table 2). Table 3 is ordered by upland erosion rates, and apparently the order is 


~= 











High severity erosion 
Low severity erosion — 
High severity runoff ma 
Low severity runoff See 
) 5 10 15 20 25 40 


Runoff (mm) or Erosion Rate (Mg/ha) 


Figure 2. Effects of fire severity on predicted ranges of runoff and soil erosion for a 100-m long, 
40 percent slope hill, with a 60-mm, 6-hr storm. 
not the same for erosion as it is for sediment yield. A reasonable conclusion from this table is 
that the range of soil erosion rates due to spatial variability only is 55 to 77 Mg ha" for a high 
nsk fire, 38 to 57 Mg ha: for a moderate risk fire, and 5 to 45 Mg ha’! for a low risk fire from a 
60-mm precipitation event. 


Soil Variability 5°!! properties were varied over the range of values for low and high severity 
conditions presen‘ed in Table |, for a 100-m long, 40 percent slope hill, with a 60-mm, 6-hr 
storm. Figure 2 shows the results of these runs, with low severity predicted erosion rates varying 
from 0.06 to 3.8 Mg ha:', and high severity rates from 2.3 to 25.8 Mg ha"! for a 60-mm 6-h 

storm. Note that the range of predicted erosion rates is greater than two magnitudes. As a 
comparison, observed erosion rates irom a 13-mm storm following the spring after a high 
severity fire were zero and 0.19 Mg ha’! in a study in progress in the Wenatchee National Forest 
in Central Washington, and annual totals were zero and 4.4 Mg ha"! on a 30 percent slope for two 
adjacent plots in the Wallowa-Whitman National Forest in Eastern Oregon the first year after a 
severe fire. Figure 2 also shows that there is an overlap in the distributions of both runoff and 
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Figure 3. Example of output from the proposed fire risk interface. 
erosion rates between high and low severity. 
DISCUSSION 


The results that are presented as a range in figure 2 can also be presented as exceedance values 
(figure 3). One of the challenges for the proposed application is that by selecting a design storm, 
the user has already limited predicted erosion to a very small set of storms. The results presented 
in figure 3 are associated with a 100-year precipitation event. Figure 3 shows that there is a ten 
percent chance in the year following a fire that erosion will exceed 26 Mg ha: storm, and a 90 
percent chance that runoff will be less than 16 mm and erosion less than 26 Mg ha"! from a 100 
year storm event. 


INTERFACES 


To incorporate climate variability, spatial variability, and soil variability into erosion prediction 
is complex and time consuming with the current erosion models, including WEPP. Current 
models do not incorporate the ability to carry out return period analysis of storms. For each 
spatial arrangement and each soil condition a separate run or calculation is required. We are 
currently developing an interface that will allow the user to select or specify a storm, a soil 
textural category, a level of erosion risk, and slope length and steepness. The interface will then 
carry out several hundred computer runs for the given level of fire risk, and present the user with 
a table or graph such as that in figure 3, interpreting the results of the likelihood of soil erosion 
exceeding a given amount (Robichaud et al. 2000). 


SUMMARY 


Variability is a dominant factor in soil erosion prediction on forest landscapes. Variables include 
climate, soil properties, and the spatial distribution of fire severity. The range of erosion rates 
can vary by over a magnitude due to spatial variability, and over two magnitudes due to soil 
variability. A computer tool is under development to aid managers in evaluating the runoff and 
erosion risks associated with wildfire for a given storm. 
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SEDIMENT LABORATORY QUALITY-ASSURANCE PROJECT: 
STUDIES ON METHODS AND MATERIALS 


By J. D. Gordon, Hydrologist, U.S. Geological Survey, Denver, Colorado; C.A. Newland, Physical Scientist, 
ATA Services, Inc., Denver, Colorado; and J.R. Gray, Hydrologist, U.S. Geological Survey, Reston, Virginia 


Abstract: In August 1996 the U.S. Geological Survey mutiated the Sediment Laboratory Quality-Assurance project. 
The Sediment Laboratory Quality Assurance project 1s part of the National Sediment Laboratory Quality-Assurance 
program. This paper addresses the findings of the sand fine separation analysis compicted for the single-blind 
reference sediment-sample project and differences in reported results between two different analytical procedures. 


From the results it 1s evident that an incomplete separation of fine- and sand-size matenal commonly occurs 
resultung in the classification of some of the fine-size material as sand-size material. Electron microscopy analysis 
supported the hypothesis that the negative bias for fine-size maternal and the positive bias for sand-size material 1s 
largely due to aggregation of some of the fine-size material into sand-size particles and adherence of fine-size 
material to the sand-size grains. Electron microscopy analysis showed that preserved river water, which was low in 
water that was higher in dissolved solids and specific conductance with a basic pH. Bacteria were also found 
growing mm the matrix, which may enhance fine-size material aggregation through them adhesive properties. 


Differences between sediment-analysis methods were also investigated as part of this study Suspended-sediment 
concentration results obtained from one participating laboratory that used a total-suspended solids (TSS) method had 
greater variability and larger negative biases than results obtained when this laboratory used a suspended-sediment 
concentration method. When TSS methods were used to analyze the reference samples, the median suspended- 
sediment concentration percent difference was - 18.04 percent. When the laboratory used a 

concentration method, the median suspended-sediment concentration percent difference was -2.74 percent. The 
percent difference was calculated as follows 


Percent difference - a a.) x 100. 


INTRODUCTION 


The collection and analysis of fluvial sediment samples has been an integral part of hydrologic studies in the United 
States for over 100 years (Glysson, 1989). To support this sediment monitoring and research, the U.S. Geological 
Survey (USGS) operates laboratories for the analysis of the physical characteristics of sediment. 


Working with the USGS Sediment Action Committee and the USGS Water Quality Service Unit m Ocala, Flonda, 
the Branch of Quality Systems (BQS) distributed test samples as part of a pilot standard reference study im 1992 and 
1994 (George and Schroder, 1996). Results of the pilot studies indicated that a standard reference-sample project 
was feasible and practical. Following the 1992 and 1994 pilot studies, the BOS continued to pursue the development 
and testing of a standard reference-sample project for measurement of physical sediment properties In 1996, these 
efforts led to an external quality-assurance project to ensure that the physical sediment data produced or used by the 
USGS are of a known quality and are sufficient to provide long-term comparability and consistency The Sediment 
Laboratory Quality-Assurance (SLQA) project began in August 1996 and 1s part of the National Sediment 
Laboratory Quality-Assurance (NSLQA) program. ithe NSLQA program focuses on all quantitative analyses done 
on water-sediment mixtures to derive concentrations and sand fine separations The program 1s composed of seven 
components (1) a single-blind reference sediment-sample project, (2) a double-blind reference sediment-sample 
project, (3) data analysis and reporting for cach laboratory on a national basis, (4) follow-up evaluations, (5) onsite 
laboratory evaluations, (6) documentation of laboratory quality-assurance plans and quality-control procedures, and 
(7) traming in laboratory operational procedures. The SLQA project contains the first four parts of the NSLQA 
program and 1s intended to provide quantitative information on sediment-data quality to sedument-laboratory 
customers (U.S. Geological Survey Office of Surface Water Technical Memorandum No 98.05, 1998) 
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Between August 1996 and September 1999, the BQS completed eight single-blind sediment laboratory 
intercomparison studses. In each study, a set of nine single-blind reference samples were sent to cach participating 
laboratory for analysis of suspended-sediment concentrsthion, sediment mass, and the separation of fine- and sand- 
sized material. One of the findings of the interlaboratory companson studies was that fine-size materai— particles 
with a median diameter less than 62 micrometers (jum)— results were negatively biased, whereas sand-size 


matenal—partcles with a median diameter 63 to 125 yum—results were positively biased. 


It was determined that the positive bias observed for sand-size maternal mass and the negative bias observed for fine- 
size material mass may be due to a smal] amount of fine-size maternal adhering to the sand-size grains, which 
increases the perceived sand-size maternal mass and decreases the fine-size maternal mass (Gordon and others, 
1999). To better understand why the biases occurred, additional studies were muitiated by the BOS. A set of samples 
was prepared using SLQA reference materials (spark-plug dust and South Dakota sand) and desonized water as the 
matrix. A sand/fine separation was completed using standard USGS methods (Guy, 1969). The sediment was 
viewed using a scanning electron microscope. The images showed (1) aggregation of the fine-size material, (2) 
adherence of the fine-size material to the sand-size material, and (3) bactena growing in the sediment-water mixture 


Also as part of the SLQA studies, the BOS reviewed varnous laboratory sediment methods to evaluate which 
methods provide the best results The BQS compared data produced using a total-suspended solids (TSS) method 
and a suspended-sediment concentration (SSC) method One of the participating laboratones in the study typically 
performed analyses for a wastewater-treatment facility In the first three studies in which this laboratory participated 
(97-1 to 98-1), the analyses were performed using the 19° edition of the “Standard Methods for the Examination of 
Water and Wastewater,”—2540B Total Solids Dried at 103-105°C and 2540D Total Suspended Solids Dried at 103- 
105°C (American Public Health Association, 1995). These two methods allowed the sediment sample to be 
subsampled From the SLQA study, it was determined that methods that allow for subsampling can cause results to 
be significantly negatively biased 

RESULTS OF SAND/FINE SEPARATION ANALYSES 


The BQS, distributed nine standard SLQA reference sediment samples semiannually to each participating sediment 
laboratory Each sample mailed to the laboratones was identified as a quality-assurance sample Upon completion of 
the analyses by the participating laboratones, the analytical results, along with the methods of analysis. were 
returned to the BQS Analytical results from all sediment quality-control samples were compiled and statistically 
summarized by BQS personnel on an intra- and interlaboratory basis and entered into a national data base The 
closer the percent difference was to zero, the more accurate the individual determination was considered to be The 
percent differences for the mass of fine- and sand-size material were calculated for each participating laboratory as 
follows 


) . (—teported mass - known mass _ 

Perce.a difference —_— ) X 100 
The magnitude of the median percent difference values for fine- and sand-size maternal! mass generally diminished 
over the course of the first eight interlaboratory comparison studies (96-1 to 99-2). In the first study (96-1) the 
median percent difference for fine-size maternal mass was 6 56 percent and 18 53 percent for sand-size maternal 
mass. In study 99-2, the median percent difference for fine-size material mass was -2 69 percent and 2 20 percent 
for sand-size maternal mass Results from the first exght studies showed that fine-size maternal mass was negatively 
biased, whereas sand-size materna! mass was positively biased (fig |) 
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Figure | Results from studies 96-1 to 99-2 showing the biases for fine- and sand-size maternal. 


SPECIAL STUDIES INVESTIGATING LABORATORY RESULTS 


Aggregation of Particles: The spark-plug dust used mm the SLQA proyect contained about 40 percent clay Pror to 
hydration, these clay particles are negatively charged and are prevented from aggregating by the electrostatic 
repulsion between the electrical double layers However, once hydrated, the layer of water on the surface prevents 
the particles from contacting each other Coagulation can occur when electrostatic repulsion 1s reduced, such that 
clay particles of identical materials may now aggregate and form larger units (Manahan, 1994). 





Two conditions within the water matrix must be fulfilled for aggregation of fine-size maternal to occur Some 
process must bring particles close enough together to collide, and some of the collisions must result in coagulation 
These mechanisms have been investigated in detail by many authors, such as Smoluchowsk: (1917), Fnedlander 
(1965), Guy (1969), Krone (1978), Hunt (1980, 1982), Horowitz (1984, 1991), and Rao (1993). To build upon this 
earher work, the BQS began studying sediment characteristics as they relate to the biases documented im the SLQA 


project 





Bias Studies In March 2000, the BQS, began the first SLQA special study Nine sediment reference 
samples were prepared using SLQA reference matenals with desonized water as the matrix The samples were 
allowed to settle completely and then the supernatant liquid was removed to one inch above the sediment Part of the 
reference maternal was then filtered using a 24-mm Whatman 934-AH filter’, and part of the reference maternal was 


sieved using 8 63-\um sieve to simulate a sand/fine separation 


The samples were dried at 105°C for 48 to 60 hours. The samples were taken to the Denver USGS microbeam 
laboratory, which operates a JEOL 5800 LV scanning electron microscope The samples were mounted by 
laboratory personne! and placed under the scanning electron microscope An cxample of fine- and sand-size maternal 
as they appeared under the electron macroscope is shown in figure 2 Some of the fine-size particles aggregated to 
form particles about the sarne size as a sand-size particle, and some of the fine-size material adhered to the sand-size 
maternal, thereby dimunishing the apparent amount of fine-size maternal and increasing the apparent arnount of sand. 
size mawcrial This may be one reason contributing to the biases documented mm the SLQA project 





' Reference to trade names, commercial products, manufacturers, of distributors in this paper 1s for identification 
purposes only and does not constitute an endorsement or a recommendation for use by the U S Geological Survey 
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Figure 2 Scanning electron mucroscope umage depicting the aggregation of fine-size material and adherence of fine 
size material to sand-size grams 


A second study was conducted by the BOS im May 2000 In this study preserved nver water replaced desonized 
water as the sample matrix It was assumed that natural waters are never pure compared to the desonized water used 
in the SLQA proyect The composstion of the aqueous solution that 1s analyzed m sediment laboratones 1s a function 
of a multyphcrty of factors, such as the mitial composition of the water, the partial pressure of the gas phase, the type 
of mineral matter the water contacts, and the pH and oxidation potential of the solution (Fetter, 1988) If the water 
contains a brotec assemblage of any kind, then the chemustry of the water is even more complex In this study (May 
2000), spherncal prokaryotes, Cocc: bacteria (fig 3) were detected mm the river-water samples analyzed by the BOS 
Most of the spherncal prokaryotes found in these samples have cell wails that contain a unique maternal called 
peptidoglycan. which consists of polymers of modified sugars cross-linked by short polypeptides (Campbell, 1996) 
Peptidoglycan has adhesive properties, which may cause the clay particles to adhere to each other and to the sand- 
size maternal. thus potentially umcreasing the amount of sand-size maternal measured 2 laboratory analyses Ajter 
testing the fine- and sand-size materials, tt was concluded that the bactena were introduced into the nver water when 
the fine-size maternal was added to the different rnver-water matnces This may be a second reason why the tases 
documented in the SLQA project are occurring 





Figure } Scanmeng chectron mucroscope depiction of Cocc: bactena (spherical prokaryotes) detected durmg analy 


From the preserved river water used in the second study, dissolved-solids concentration, pH, and specifx 


conductance were determined for each type of preserved river water Each type of preserved river water used m tx 
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second stedy (May 2000) had been sterilized by pumping a through 0 45-, 0 2-. and 0 | -um filters, m seres, mto a 
1,200-Iner polypropylene drum. The water was continuously curculated and passed through a 0 | -\m filter and 
ultraviolet stersizer for 24 hours Followimg this corculaton, the water was chiormated to § parts per million free 
chiorme with sodmum hypochlorite (NaOCT) (Farrar, 2000) After all the NaOCl] had dissociated, a known amount of 
fine- and sand size materials was added to cach preserved niver- water sample 


Three types of river water were used m the second study (May 2000) Type | river water contained 66.5 milligrams 
per Iter (rmg/L) dissolved solsds, had a pli of 6 60, and a specific conductance of 113 mucrossemens per .cntumeter 
(uS cm) The samples were allowed to settle m solution for ome week The supernatant hquid was removed to about 
one inch above the sedument at the bottom of the jar The sediment was wet-sieved using a 63-\um sieve to separate 
the fine- and sand-size muxture The samples were dred at 105°C for 48 to 60 hours and examined at the scanning 
electron macroscope laboratory The umnages showed no aggregation of fine-size material and no adheson of fine 
suze material to sand-size material (fig 4) 


In the second part of this study (May 2000), sand fine reference maternal was added to two other types of nver 
water (1) type 2 nver water contammed 277 mg/L dissolved solids, had a pHi of 8.09, and a specific conductance of 
493 uS/cm, and (2) type 3 river water contained 689 mg’L dissolved solids, had a pH of 8.29, and a specific 
conductance of 1,076 wS/cm_ The samples wore allowed to settle for one week After one week, the samples were 
wet sieved using a 63-yum sieve to separate “ae fine-size maternal from the sand-size material Images of these 
samples under the scanning electron muccoscope did show some aggregation (fig 4) 
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Figure 4 Scamming electron muacroscope mages of three types of river water that were used im the second special 
study (May 2000) The far left picture shows sedument characteristics mm river water |, the middle picture shows 
sedument characteristics mm river water 2, and the far nght picture shovvs sediment characteristics m river water | 


trom the second special study (May 2000) it was concluded that vanables that influence the amount of aggregation 
detected wm these river. water samples may include water characteristics, such as the kind and concentration of 
dissolved constituents Apr explanation for this finding may be that clay particles mm the fine-size material may have 
attained a new negative charge by ion replacement. m which Sa lV) and AKIIT) sons were replaced by metal sons of 
surmular size. but lesser charge ( ompensation would have been made for this negative charge by association of 
cathons wrth the clay surfaces Since these cathons need not ft specific sites mm the crystalline lattice of the clay, they 


may be relatevely large some. such as potasssurn ik jor eden (Nae ) i Maenshen 19904) Pov grain to gram 
eT ac THIS | very porsseble that rr tt : ake ry trreetlal or cium ? é- rriag ree suru (Mg and al rurn iis | cou! _ 
a mienectt agents to cement grains together (Rae 79° 
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COMPARISON OF TWO METHODS FOR DETERMINING SUSPENDED-SEDIMENT 
CONCENTRATIONS 


The best methods for making determinations of concentrations from suspended-sediment samples must be selected 
from numerous possible procedures. One participating laboratory analyzed quality-control samples (97-1 to 98-1) 
using Method 2540D, known as a total-suspended solids (TSS) method, of the American Public Health Association, 
American Water Works Association, and Water Pollution Control Federation (1995) with the following variation: 
instead of removing the subsample with a pipette, the sample was shaken vigorously and one-third of the desired 
subsample volume was decanted to a secondary vessel. This process was repeated twice to obtain a single ~sbsample 
for subsequent filtering, drying, end weighing. Beginning with the second study in 1998 (98-2), the participating 
laboratory used the American Society for Testing and Materials (ASTM) designation D3977-80, “Standard Practice 
for Determining Suspended-Sediment Concentration in Water Samples” (Amerncan Standards for Testing and 
Materials, 1980), which was adapted generally from 2 report of the U.S. Inter-Agency Committee on Water 
Resources, Subcommittee on Sedimentation and H.P. Guy (Guy, 1969), this is referred to as a suspended-soiid 
concentration (SSC) method and is equivalent to the method used by the USGS (fig. 5). 














FOR SEDIMENT CONCENTRATION 








PERCENT DIFFERENCE FROM KNOWN VALUES 





Figure 5. Results of percent differences from known values for sediment concentrations obtained using a total- 
suspended solids method and a suspended-sediment concentration method used by a participating laboratory 
Studies 97-1 through 98-1 were conducted using a total-suspended solids method. Studies 98-2 and 99-1 were 
conducted using a suspended-sediment concentration method 


When reviewing the results, shown in figure 5, it was determined that the methods for analyzing TSS, which allow 
subsamp!ing, may not be applicable to suspended-sedument analyses. Suspended inorganic particles in river water 
generally have a high specific gravity of about 2.65, which makes it difficult to obtain a representative subsample 
Large sediment particles settle too swiftly to be subsampled accurately by pouring or pipetting. For example, the fall 
rate for a 0.125-mullimeter sand-size particle is about | centimeter per second (Guy, 1969). The pint-size bottles sent 
to the participating laboratory contained 200 milliliters of water or about 6 vertical centumeters of water. If, after 
shaking or stirring the sample, a sand-size particle began at the top of the water, it would take only 6 seconds for the 
particle to fall to the bottom of the bottle. This high fall rate makes accurate subsampling almost impossible 


An evaluation of data collected and analyzed by the USGS and others has shown that the variation in TSS analytical 
results is considerably larger than that for traditional SSC analytical results and that the TSS data for the 
participating laboratory had a larger amount of variability and in general a negative bias when compared to SSC data 
(Gray and others, 2000, Glysson and others, 2000). The inability to produce a representative amount of sand-size 
material in a subsample is one reason why the TSS values differ substantially from SSC values (Glysson and others, 
2000) 
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CONCLUSIONS 


A negative bias for fine-size material mass and a positive bias for sand-size material mass were consistently found in 
the Sediment Laboratory Quality-Assurance (SLQA) project's first eight studies (96-1 to 99-2). Because of these 
findings, the U.S. Geological Survey (USGS) Branch of Quality Systems began conducting a series of special 
studies starting in March 2000. The inital results of these special studies indicated that the biases observed during 
the SLQA project may be due to the fine-size material aggregating to form larger particles that did not pass through 
the 63-mucrometer sieve and fine-size material adhering to the sand-size material grains. When reviewing 
photographs of the sediment material grains, which were taken using a scanning electron microscope, the sediment 
samples from the instial study (March 2000) appeared to show that the aggregation was intensified when deionized 
water was used as the matrix. 


To further study how sediment reacts with different types of water, preserved river water was used as the sample 
matrix in the second study (May 2000). Initially it was found that when the sample matrix had 4 neutral pH, a low 
specific conductance, and a small dissolved-solids concentration, there appeared to be no aggregation of the fine- 
size material and no adherence of the fine-size material to the sand-size material. However, when the sample matrix 
contained higher dissolved solids, higher specific conductance, and had a basic pH, the fine-size maternal showed 
some aggregation when viewed under the scanning electron microscope. Conclusions drawn from these results 
would :ndicatve that the pH and dissolved constituents in the water affect the amount of coagulation of the sediment 
in solution. 


Bacteria were observed growing in the preserved river-water matrix during the second study (May 2000). These 
bacteria were assumed to exert an important influence in the coagulation of the fine-size material because thei cells 
consist of polymers of modified sugars cross-linked by short polypeptides. It was concluded from observing these 
bacteria that a fuller understanding of the characteristics of fine-grained sediment-bacterial complexes is needed. 


If the bias observed in the SLQA studies is caused either by bacteria, preserved river water matrix effects, or both, 
then sumilar biases could be affecting the sand/fine separations performed in the USGS sediment laboratones. From 
the results of these initial studies, it is apparent that these and other sediment-water characteristics need further study 
and that an integrated multidisciplinary approach 1s needed to understand the complex characteristics of sediment 
and bacteria. 


Differences between sediment analysis methods were investigated as part of the SLQA project. A laboratory 
participating in the project produced sediment concentration data by using a total-suspended solids (TSS) method, 
which allows subsampling. Because the results of the participating laboratory were consistently biased negatively 
and vaned significantly when compared to other participating laboratornes that used a suspended-sediment 
concentration (SSC) method, the laboratory changed its method to the SSC method, which is equivalent to the 
method used by the USGS. A conclusion from this study was that the differences between TSS and SSC analyses 
can be significant and that further study of the differences between these two methods is warranted. 
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GCLAS: A GRAPHICAL CONSTITUENT LOADING ANALYSIS SYSTEM 


By T. E. McKallip, Hydrologist, U.S. Geological Survey, Reston, Virginia; G. F. Koltun, 
Hydrologist, U.S. Geological Survey, Columbus, Ohio; J. R. Gray, Hydrologist, U.S. 
Geological Survey, Reston, Virginia; G. D. Glysson, Hydrologist, U.S. Geological 
Survey, Keston, Virginia 


Abstract: The U. S. Geological Survey has developed a program called GCLAS (Graphical Constituent Loading Analysis 
System) to aid in the computation of daily constituent loads transported in stream flow. Due to the relative paucity with 
which most water-quality data are collected, computation of daily constituent loads is moderately to highly dependent on 
human interpretation of the relation between stream hydraulics and constituent transport. GCLAS provides a visual 
GCLAS replaces the computer prograrn Sedcalc, which 1s the most recent USGS sanctioned tool for constructing sediment 
chemographs and computing suspended-sediment loads. Written in a portable language, GCLAS has an miteractive 
graphical interface that permits easy entry of estimated values and provides new tools to aid in making those estimates. The 
use of a portable language for program development umparts a degree of computer platform independence that was difficult 
to obtain in the past, making implementation more straightforward within the USGS’ s diverse computing environment. 
Some of the improvements introduced in GCLAS include (1) the ability to directly handle periods of zero or reverse flow, 
(2) the ability to analyze and apply coefficient adjustments to concentrations as a function of time, strearnflow, or both, (3) 
the ability to compute discharges of constituents other than suspended sediment, (4) the ability to easily view data related to 
the chemograph at different levels of detail, and (5) the ability to readily display covariate time series data to provide 
enhanced visual cues for drawing the constituent chemograph. 


INTRODUCTION 


The Graphical Constituent Loading Analysis System (GCLAS) is a program developed by the U. S. 
Geological Survey (USGS) to facilitate the interactive visualization and editing of water-quality 
constituent time-series data and the computation of daily constituent loads. GCLAS replaces Sedcaic 
(Koltun and others, 1994), an earlier USGS program designed to assist in the computation of 
suspended-sediment loads. Written in the portable language JAVA', GCLAS does not represent a new 
methodology for the computation of constituent loads, however, it does provide an integrated set of 
tools designed to support analyses and computational methods that previously were done manually (or 
by some other means, depending in large part on the capabilities and resources available to the 
analyst). JAVA was specifically designed to facilitate cross-computer-platform compatibility of code 
and thus was a logical choice for use in the USGS’s diverse computing environment. 


GCLAS automates many formerly manual aspects of determining constituent loads, in part by 
dynamically linking an assortment of graphical and tabular views of water-quality and discharge data. 
The linking of different data views creates an environment that will aid interpretation of the interaction 
between stream hydraulics and constituent transport. This environment also eliminates or simplifies 
many procedural tasks associated with plotting and calculations and, consequently, should result in 
more efficient and cost-effective and accurate analyses. 


PROGRAM FEATURES 


Data Input: Several data input formats are supported by GCLAS. Specifically, GCLAS can read 
streamflow and water-quality time-series data in the USGS National Water information System, 
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NWIS (USGS, http://wwwnwis.er.usgs.gov) unit-values card-image format, in named column tab- 
delimited ASCII format, in the Sedcalc “sedata” format, and in a format output by the USGS’ 
sediment-laboratory software, SLEDS (USGS, http://vulcan.wr.usgs.gov/Projects/SedLab/SLEDS/). 


Display Features: Once data have been imported into GCLAS, the user is presented with a multi-panel 
display showing the data in both graphical and tabular formats (fig. 1). All panels and windows in 
GCLAS can be resized, and zoom controls are provided in graph panels to adjust the magnification of 
the view and the resolution of the cursor coordinates. 
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Figure | Annotated screen shot of a multi-panei display in GCLAS 


The static nature of the predecessor program, Sedcalc, forced the use of logarithmic scales on graphs 
that led to programmatic restnctions on zero and negative flows, and on zero- valued concentrations 
The ability to readily and dynamically rescale graphs in GCLAS facilitated use of arithmetic 
coordinates, thus eliminating the need for artificial restrictions on flow and concentration values 
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Data measured at locations other than the site of interest or at the same site but for a different water 
year can be imported into GCLAS and simultaneously be displayed to facilitate hydrographic 
comparisons. Data from different water years are automatically offset in time so that they can be 
displayed on the scale of the active water year. Discrete water-Guality data values are shown on the 
graphs using different symbols, depending on whether they are considered to represent (a) 
measurements that are not representative of average conditions for the stream cross section, (b) 
measurements that are representative of average conditions for the stream cross section, or (c) 
estimated concentrations or conditions. 


Tabular data are presented in panels using a tabbed-folder format in which different types of data and 
data from different sites (or the same site for different years) are organized under separate tabbed 
tables (fig. 2). Switching between tables is accomplished by selecting the appropriate tab. Depending 
on the type of data contained in a table, a considerable amount of ancillary information may be 
associated with each data value. For instance, concentration data may have associated ancillary 
information on the method of measurement, the coincident hydrologic conditions, quality-assurance 
information, and so forth. Whereas ancillary information of that sort may be important for some 
analyses, that information may serve merely as a distraction for other analyses. Consequently, 
GCLAS was designed to permit ancillary information to be temporarily hidden from view. The user 
can toggle between detailed and less-detailed views of data by double-clicking on major or minor 
table headings in the tabbed views. GCLAS provides additional data-viewing flexibility by permitting 
columns to be reordered by simply dragging a column heading to its desired location within the table. 
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Figure 2. Example of tabular data view in GCLAS’s tabbed-folder format. 


Data shown in graphs and tables are dynamically linked so that modifications to data in one view are 
automatically reflected in the other views. For example, if an estimated concentration value is 
modified in the table view, its position in the graph view is automatically updated. Also, double- 
clicking on a discrete value ~vmbol in the graph view tnggers synchronization of the table view with 
the corresponding discrete .- ‘ue entry highlighted 


Cross-section Coefficients: For a given constituent, the mean concentration in the stream cross section 
must be known in order to compute accurate loads as a function of the total flow in the stream 
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Depending on the combination of technique and sampler used to collect the water-quality sample, the 
concentration of the constituent in the sample may or may not be representative of the mean 
concentration i, .he cross section. When measured concentrations are not representative of the mean 
concentration, it becomes necessary to apply a coefficient to the measured concentration value in 
order to obtain a vaiue that is more representative of the mean. These coefficients are commonly 
referred to as cross-section coefficients (fig. 1). 


When water-quality samples are collected routinely at a site for the purpose of computing daily loads, 
it is common to collect the majority of samples in a fashion that can (at times) yield concentrations 
that differ from the cross-sectional mean (for example, when operating a fixed-intake pumping 
sampler). In those situations, the USGS collects periodic depth- and width-integrated isokinetic 
samples coincident with samples obtained by means of the routine method (for example the pumping 
sampler). The depth- and width-integrated samples should yield concentrations that are representative 
of the mean concentration in the cross section and, consequently, can be compared to the routine 
sample to assess trends in the relation between concentrations from the routine samples and the 
corresponding mean concentrations. The ratio of the concentration measured in a given depth- and 
width-integrated sample to the concentration measured in the corresponding routine sample is the 
cross-section coefficient for that sample set. Therefore if the cross-section coefficient is multiplied by 
the routine sample concentration, then the concentration of the depth- and width-integrated sample is 
obtained (the best measure of the mean concentration in the cross section). 


GCLAS provides a variety of tools to aid in (a) computing the cross-section coefficients, (b) assessing 
trends in the coefficients, and (c) visualizing and applying coefficient relations. Once coefficients have 
been determined in GCLAS, graphs of coefficients as a function of time and coefficients as a function 
of streamflow can be easily displayed; this permits a quick visual assessment of these common trend 
relations (fig. 3). Ultimately, GCLAS provides tools to define and apply coefficient relations as a 
constant function or as a function of time, streemflow, or a combination of the two. 




































































Figure 3. Screen shot of a GCLAS view used to visualize coefficient relations to streamflow 
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Construction of cross-section coefficient relations can be complex, particularly when coefficients vary 
as a function of both time and streamflow. To help ihe analyst visualize the result of application of the 
coefficient relation, GCLA.S computes a coefficient time senes and displays it as a separate curve in 
special tools that permit the analyst to easily determine the coefficient that would be applied for 
hypothetical streamflows and (or) points in time. 


Transport Curves: io compute accurate loads, the analyst must ensure that the constituent time senes 
is drawn accurately. Because of limited resources, constituent time senes are rarely measured at ideal 
temporal frequencies. Most commonly, the constituent time series is sampled relatively infrequently, 
requiring the analyst to “fill in” or estimate data for periods when measured data are lacking. 
Developing those estimates requires knowledge of the stream hydrology and of the transport 
characteristics of the constituent of interest. 





A transport curve, which is a plot of a water-quality constituent’s concentrations (or loads) as a 
function of the coincident streamflows, is a tool commonly used to assess a constituent’s transport 
characteristics. GCLAS has an integral transport-curve window that shows streamflow as a function 
of concentration characteristics for the measured data in the data set. Transport curves commonly 
show some variability in measured concentration for a given streamflow. That vanability may be due 
to variation in antecedent basin moisture conditions, variation in the distribution of rainfall amounts or 
intensities within the basin, or a variety of other factors. Because of that vanability, the analyst must 
consider other factors or cues when developing concentration estimates. GCLAS displays cross hairs 
in the transport-curve window( fig. 4a) that intersect at coordinates that are a function of the position of 
the cursor in the time-series graph view (fig. 4b). Specifically, the streamflow (X) coordinate (fig.4a) 
is set to the streamflow that is coincident in time with the position of the cursor in the time-series 
graph view (fig. 4b) and the concentration (Y) coordinate is set to the concentration value 
corresponding to the position of the cursor in the time-series graph view. The cross-hair display 
facilitates estimating missing values by allowing the analyst to consider ancillary factors ind cues 
(such as the measured recession characteristics), and at the same time see how closely aivernative 
estimates fit with previously observed transport characteristics. 


Estimated Values: Estimated values can be added in the working graph view by holding down the 
shift and control keys and pressing the left mouse (or pointer) button. The X and Y coordinates of the 
cursor in the working graph view are continuously tracked and displayed in the lower ‘eft comer of the 
panel. The coordinate information is particularly useful when graphically adding estimated v+lues to 
help ensure that estimates are added at the desired coordinates. If an estimate is added and later judged 
to be incorrect, it can be removed, disregarded, or its concentration coordinate can be modified either 
by dragging the point vertically (up or down) in the working graph window or by editing the 
concentration in the tabular view. Values that are marked as disregarded are shown on the graphs and 
tables but are disregarded for all other display and computational purposes. 
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Figure 4. Annotated screen shot showing (a) the linked transport curve and (b) graph view panels 
from GCLAS. 


| oad Computation: At any time during the record working process, daily, monthly and annual loads 
can be calculated in GCLAS, literally at the press of a button. Calculations are performed by 
application of the mid-interval method (Porterfield, 1972) to concentration data that are interpolated to 
the same temporal frequency as the unit-streamflow data. If desired, calculations can be casily 
repeated to test the affect of alternative analysis strategies on computed loads. 


GCLAS has the potential to compute loads for any constituent that is transported in water al 
measurable concentrations. At present, GCLAS contains no provision to handle censored (“less- 
than”) data explicitly in the load calculation algonthm and, consequently, should not be used to 
compute loads of constituents that have an appreciable amount of censored values 





PROGRAM AVAILABILITY AND PLANS 


GCLAS was released to internal USGS customers in beta form in October, 2000. The program is 
distnbuted by means of the USGS Hydrologic Analysis Software Support (HASS) Program web page 
at http://water.usgs.gov/hass/. Public release of GCLAS is planned for carly 2001 with the HASS web 
page acting as the main distnbution point. Additional features are planned for the public release 
includine the ability to estimate concentrations by application of a user-defined equation, umproved 
report capabilites, and addition of an integrated data base 
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' The use of brand, trade, or firm names in this paper is for identification purposes only and does not 
constitute endorsement by the U.S. Government. 
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AGNPS 98: A SUITE OF WATER QUALITY MODELS FOR WATERSHED USE 


By: Ronald L. Bingner, Agricultural Engineer, National Sedimentation Laboratory-Agricultural Research 
Service-USDA, Oxford, MS end Fred D. Theurer, Agricultural Engineer, National Water & Climate 
Center-Natural Resources Conservation Service-USDA, Beltsville, MD 


insufficient treatment of higher contributing lands The Agricultural Nonpomt Source model (AGNPS 98) 
developed to perform these necessary evaluations. AGNPS 98 is a suite of computer models developed 
the user with quantifying the impacts of agricultural nonpoint source pollution on water quality 

environment. The models in AGNPS 98 include: (1) a watershed-scale, continuous-simulation, pollutant loading 


loadings; (3) a watershed-scale, stream network, water temperature computer model to predict deily average. 
minimum, & maximum water temperatures; (4) a set of salmonid life-cycle models designed specifically to 
quantify the umpact of pollutant loadings on thei spawning & rearine habrtats as well as include other important 
life-threatening obstacles; and (5) an economic model that determines the net economic value of Pacific 
Northwest salmonids restored to either the commercial or recreational catch. This paper will discuss these 
components and demonstrate the capabilites of the mode! using Goodwin Creek Watershed mm Mississipp: By 
applying a watershed management approach, TMDL's can be better defined and practices can be better 
established in setting these water quality standards 


INTRODUCTION 
The development of a continuous version of the single event AGncultural NonPoint Source model (AGNPS) 
watershed model (Young et al, 1989) has been in progress, in one form or another, since the 1980's. This 


continuous version, the ANNualized AGricultural NonPowt Source model (AanAGNPS) (Cronshey and Theurer, 
1998). 1s available through the Internet WEB address 


bttp.//ww-w sedlab olermss edu A .NPS98 bunl 





Since AnnAGNPS is designed to analyze the impact of non-point source pollutants from predominately 
agricultural watersheds on the environment, othc: models that sum ate »dditional processes have been integrated 
with AnnAGNPS. These integrated models have been develor d «:*hin the AGNPS 98 suite of modules. Each 
nodule provides information needed by other modules to euhance h. proc-ctve capabilites of each The modules 
in AGNPS 98 include: (1) AnmnAGNPS, a watershed-scale, <onanu>ut :wralation, pollutant loading computer 
model designed to quantify & identify the source of polluu..t loxcing anywhere im the watershed for optimizavion 
& msk analysis; (2) Conservational Chaane! Evolution and Pollutant Transport System (CONCEPTS) 
(Langendoen et al, 1998), a set of stream network, corndo: & water quali, computer models designed to predict 
& quantify the effects of bank crosion & failures, be: muss . as ing. bed agpradation & degradation, bunal & re- 
entrainment of contaminants, and s’veamside wpaiian veg." 0m Channel morphology and pollutant loadings. 
(3) The Stream Network TEMPerature mode! (SNTEMP) (i neurer et al, 1984), a watershed-scale, stream 
network, water temperstur: computer mocel to predict dai'y average, mmunimum, & maximum water temperatures. 
(4) The Sediment Intrusion & Dissolved Oxygen (SIDO) model (Alonso et al, 1996), a set of salmon life-cycle 
models designed spe. ifically to quantify the unpact of potlutant loadings on thew spawning & rearing habitats as 
well as include ©. wmportant life-threatening obstacles, and (5) an economic model thai determines the net 
economax value of Pacific Northwest salmonids restored to esther the commercial of recreational catch 
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As part of the input data preparation process there are a number of modules that support the user in developing the 
needed AGNPS 98 databases. These include: (i) the TOpographic PArameteriZation program (TOPAZ) 
(Garbrecht and Martz, 1995), to generate cell and stream network information from a watershed digital elevation 
model (DEM) and provide all of the topographic related information for AnnAGNPS. A subset of TOPAZ, 
TOPAGNPS, is the set of TOPAZ modules used for AGNPS 98. The use of the TOPAGNPS generated stream 
network is also incorporated by CONCEPTS to provide the link of where upland sources are entering the channel 
and then routed downstream; (2) The AGricultural watershed FLOWnet generation program (AGFLOW) 
(Bingner et al, 1997; Bingner et al, 2001a) is used to determine the topographic-related input parameters for 
AnnAGNPS and to format the TOPAGNPS output for importation into the form needed by AnnAGNPS; (3) The 
Generation of weather Elements for Multiple applications (GEM) program (Johnson et al, 2000) is used to 
generate the climate information for AunAGNPS; (4) The program Complete Climate takes the information from 
GEM and formats the data for use by AnnAGNPS, along with determining a few additional parameters; (5) A 
graphical input editor that assists the user in developing the AnnAGNPS database (Bingner et al, 1998), (6) A 
visual interface program to view the TOPAGNPS related geographical information system (GIS) data (Bingner et 
al, 1996); -nd, (7) A conversion program that transforms a single event AGNPS 5.0 dataset into what is needed to 
perform a single event simulation with AnnAGNPS. In addition to these input modules, there are procedures that 
utilize the Arcview program to facilitate the use of TOPAGNPS. There is an output processor that can be used to 
help analyze the results from AnnAGNPS by generating a summary of the results in tabular or GIS format. 


This paper will provide some details and background on the AGNPS 98 modules. Also, included is a study of the 
runoff and sediment yield comparisons of simulated and measured values from the Goodwin Creek Watershed in 
Mississippi. 


AGNPS 98 MODULE DESCRIPTION 


AnnAGNPS 


AnnAGNPS is the pollutant loading modeling module designed for risk and cost/benefit analyses. It is a batch- 
process, continuous-simulation, surface-runoff, pollutant loading (PL) computer model written in standard ANSI 
Fortran 90, which provides for studies of very large watersheds. The model was developed to simulate long-term 
sediment & chemical transport from ungaged agricultural watersheds. The basic modeling components are 
hydrology, sediment, nutrient, and pesticide transport. Land area (cell) representations of a watershed are used to 
provide landscape spatial variability. Each cell homogeneously represents the landscape within its respective land 
area boundary. The physical or chemical constituents are routed from their origin within the land area and are 
either deposited within the stream channel system or transported out of the watershed. Pollutant loadings (PLs) 
can then be identified at their source and tracked as they move through the watershed system. 


The philosophy of the development of AnnAGNPS has been to maintain the simplicity of the single event version, 
AGNPS, while enhancing the features that ave needed for a continuous simulation. The use of NRCS co: ARS 
technology was adopted whenever feasable to ensure acceptance and readily available databases nationwide. This 
provides a watershed model that incorporates currently accepted science and databases from any location in the 
country, capable of simulating most of the management practices that are applied on farms. 


The main components within AnnAGNPS are the incorporation of the SCS curve number technique (USDA, 
1972) used to generate daily runoff and RUSLE 1.05 technology (Renard et al, 1997) to generate daily sheet and 
rill erosion from fields (Geter and Theurer, 1998). The parameters that are used for RUSLE are also used within 
AnnAGNPS. Each cell within AnnAGNPS can have different RUSLE parameters associated with describing the 
farm operations. This can provide a spatial and temporal variation of the management practices associated with a 
watershed system. Sheet and rill erosion is calculated for each runoff event during a user-defined simulation 
period and averaged for this same time period. A runoff event can occur from any combination of rainfall, 
snowmelt, and urigation. All subsequent sediment is routed throughout the stream system down to the watershed 
outiet. An account of each individual field contribution to the sediment yield at any user-defined stream location 
can be determined. 

Since RUSLE is used only to predict sheet and rill erosion and not field deposition, a delivery ratio of the 
sediment yield from this erosion to sediment delivery to the stream 1s needed. The Hydro-geomorphic Universal 
Soil Loss Equation (HUSLE) is used for this procedure (Theurer and Clarke, 1991). The procedure was initially 
developed to predict the total sediment yield at a user-defined point in the stream system using spatially- and time- 


Vil - 2 /o7 








Proceedings of the Seventh Federal Interagency Sedimentaticu Conference, March 25 to 29, 2001, Reno, Nevada 


averaged RUSLE parameters; and to ensure that sheet and ri!!-related sediment was properly calculated. This 
procedure utilizes the time of concentration (Tc) that is determined from parameters from AGFLOW and 
TOPAGNPS. A.Jjditionally, the instantaneous peak discharge of the runoff hydrograph is required for Tc and can 
easily be calculated using TR-55 (SCS, 1986) technology incorporated within AnnAGNPS. 


Since RUSLE is used to calculate the amount of sheet and rill erosion and HUSLE is used to determine the 
delivery ratio for total sediment, the only factor remaining is to determine the particle-size distribution of the 
deposition in the field (Bingner et al, 200ib). This allows for the particle-size distribution of the sediment yield of 
the sheet and rill erosion to the receiving reach of the stream system. 


The particle-size of the sediment deposited within the field is assumed to be proportional to the mass fall velocity 
of the individual particle-size classes. Since the density of both the large and small aggregates are noticeably less 
than the discrete particles of clay, silt, and sand, a product of the respective densities times its fall velocity is used 
to represent each particle-size class. This is called the deposition mass rate and has units of mass per length 
squared per time. The resulting deposition mass rate values for each particle-size class are summed and then 
normalized with respect to this sum. These normalized values are called deposition rate ratios. They are further 
normalized with respect to the smallest value, which will normally be clay, and are called the deposition ratio 
mass rate. From these calculations, the field deposition is determined, but careful consideration is given to 
exhausting any of the particular particle-size classes; ic., when any of the particle-size classes are totally 
deposited, the calculations begin again at that point along the landscape with that particie-size class eliminated 
from further calculations. A modified Einstein equation is used to transport the sediment in the stream system and 
uses the Bagnold equation (Bagnold, 1966) to determine the sediment transport capacity of the flow (Theurer and 
Cronshey, 1998). 

downstream. Soil databases developed by the NRCS are used to describe each cell or field. Crop information 
developed for RUSLE is also needed by AnnAGNPS, along with additional parameters that describe how the crop 
uses nutrients from the soil. 


From any point in the watershed, any loadings that are produced from upstream can be determined along with the 
location that they originated. This can be used to provide source accounting information to planners to assess the 
impact of various management practices downstream. This can be used in the development of management plans 
to meet the needs of total maximum daily load programs (TMDLs) that states are having to formulate to taecet 
EPA guidelines for the 1972 Clean Water Act. 


CONCEPTS 


CONCEPTS is a batch-process, continuous-simulation, instream-processes module that simulates unsteady, one- 
dimensional flow, graded-sediment transport, bank erosion processes, and pollutant transport in watershed 
channels. AnnAGNPS has a simple pollutant transport mechanism for stream channels, but lacks the ability to 
change the channel characteristics from storm event to storm event. CONCEPTS was designed to track the 
changes in the cross-sections of the channel, including: bed lowering or raising; bank widening from fluvial 
processes or from bank failures; and, channel particle size distribution changes resulting from sediment transport. 
Also a part of CONCEPTS is a stream corridor compe aent that targets individual reaches for a detailed analysis of 
the channel segment (Langendoen, /n Press). This provides options on the level of complexity to use in the 
simulations of pollutant transport in a stream system. For watersheds where channels are not a significant source 
of erosion of are fairly stable, then the stream channel component within AnnAGNFS would be adequate. When 
the chanael is unstable or significant erosion is occuring or there are structures in the channel that would influence 
flow or sediment transport, then the stream network version of the CONCEPTS should be selected. If an analysis 
of a stream corridor is needed, then the stream corridor version of CONCEPTS should be selecied. While 
‘»nAGNPS is simple, there is not as much informadon required from the user as for CONCEPTS and does noi 
require as much computer resources to analyze the watershed. Thus, the stream network version requires a more 
detailed description of the stream system than AnnAGNPS, while the stream corridor version requires an even 
higher level of description of the stream reach. The selection of a pollutant transport module offers flexibility ir 
analyzing a watershed when lower or higher levels of detail used in simulating the processes are needed. 
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A stream network water temperature component is included as part of AGNPS 98 to evaluate the effect of mparian 
vegetation (shading), water withdrawals, irrigation return flows, reservoir release operations, and changes in 
channel geometry on the instream water temperature (Theurer et al, 1984). The stream network temperature 
model (SNTEMP) predicts the minimum, maximum, & average daily water temperatures throughout a stream 
network. The input requirements to SNTEMP include the daily water discharge that is calculated and produced as 
output by AnnAGNPS. Most of the remaining SNTEMP input is duplicated in the input to AnnACNPS. 
Obviously, the same climate data & stream network system, including the hydraulic geometry, used for 
AnnAGNPS should also be used for SNTEMP. The only significant additional input to SNTEMP would be any 
local topographic influences & riparian vegetation (trees); i.¢., physical dimensions that produce important shade 
on the stream’s water surface. SNTEMP is fully supported by the USGS Biological Resources Division including 
software, documentation, training, and even some specialized subsidiary computer programs. 





A set of salmonid models is included to be able to evaluate the entire life cycle of salmonids (salmon, trout, and 
graylings) and their economic impact especially in the Pacific Northwest (Alonso et al, 1996; Miller et al, 1998; 
Theurer et al, 1998). The sediment intrusion & dissolved oxygen (SIDO) model predicts the daily sediment 
accumulation & DO status within a salmonid redd with special attention to the egg zone. In addition to local 
detailed hydraulic geometry for the redd and certain biological specifications particular to the specific salmonid 
species, SIDO requires daily water, sediment, and water temperature data that is output from AnnAGNPS & 
SNTEMP. 


Climate Parameter Generation 





GEM (climate generator) is a program that generates synthetic climatic data for locations in the United States. 
GEM generates daily precipitation, maximum and minimum temperature, and solar radiation. AnnAGNPS 
requires six climatic elements for each day which are precipitation, maximum and minimum temperature, sky 

cover, average daily dew point temperature, and average daily wind speed. An interim program named 
Camiiate Selenite Gio wenn oo enbiaat Go inate elatiate Gaonn Gal hams a dinate talk tes tales Go 
AnnAGNPS. Input to Complete _Climate includes the GEM parameters generated previously and information on 
the monthly average sky cover, dew point temperature, and wind speed. These monthly averages are available 
from a climatic data atlas or climatic summary for the desired location. The output file of Complete _Climate then 
contains all six climatic elements (three generated by GEM and three generated by Complete Climate). 


AGNPS 98 S")MMARY 


AGNPS 98 can be used to evaluate the long term impact of non-point source pollution from agricultural 
watersheds. Effects of implementing various conservation management alternatives within the watershed can be 
evaluated. The loadings predicted are: (1) water; (2) sediment by particle-size class & source of erosion; and (3) 
chemicals—nitrogen, phosphorus, organic carbon, & pesticides. Pollutant loadings are generated from land areas 
and routed through the stream system on a daily basis. Special land use components such as feedlots (nutrients), 
gullies (sediment and chemicals), and point sources (water and nutrients) are included. 


The following is a summary of some of the more-important features included in AGNPS 98: 

Loading, transport, and tracking of pollutants from tl.cir source to the outlet of a watershed system. 
Nutrient concentrations from feedlots and other point sources can be simulated. 

Individual feedlot potential ratings can be derived. 

Inclusion of CONCEPTS. 
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e Inclusion of instream water temperature models for ungaged stream system networks and for additional 
special applications such as reservoir operations. 

e A weather generator to provide long term climatic information from any location in the country. 

e A graphical program allowing the automatic determination of land area boundaries & their hydrologic 
parameters such as the RUSLE LS-factors, flow routing sequence, and channel hydrologic parameters. 
This program utilizes topographic analysis tools using readily available DEM’s. 

e A graphical input data preparation editor facilitates data input and revisions. 

e An AGNPS 5.0 to AGNPS 98 input data converter, allowing backward compatibility with previously 
developed databases for AGNPS 5.0 or with the USDA-NRCS HU/WQ interface. 


AGNPS 98 is expected to run on any PC (386 or higher) under Windows 95, 98, NT, & 2000. Actual memory 
requirements are dependent upon number of cells selected. A practical minimum memory limit would be 2MB 
for user data entry and 32 MB for AnnAGNPS. 

The following components are planned as enhancements to AGNPS 98: 


Integration of stream corridor buffer technology (Riparian Ecosystem Management Model-REMM) 
Wetland and lake water quality components. 

Integration of NEXRAD techncoiogy. 

Land—atmosphere exchanges needed for global climate change evaluations. 
Integration with ArcView. 


GOODWIN CREEK WATERSHED 


Goodwin Creek Watershed (GCW) is in the Yazoo River Basin near Oxford, Mississippi. GCW is 21.3 km’ in 
area with fourteen instream measuring flumes monitored by the USDA-Agricultural Research Service, National 
Sedimentation Laboratory since 1982 (Blackmarr, 1995). Data collected from each measuring flume include 
channel discharge, fine (<0.062mm) sediment concentration, plus climatological data from a central weather 
station and 32 spatially distributed raingages. Each measuring flume defines an outlet of a subwatershed of 
various drainage areas. Many of the parameters required by AnnAGNPS have been obtained for GCW, plus 
selected measuring flumes can be used for model validation purposes. 


Figure | is a watershed map of Goodwin Creek showing the location of the measuring flume at Station No. | 
selected for this analysis. Measured rainfall and temperature for the period of 1982 to 1991 was used by 
AnnAGNPS to simulate the runoff and sediment yield at Station No. 1. Landuse changes were also incorporated 
into the management operations of the model. The landuse of Goodwin for this period was generally 12% 
cropland, 70% pasture and 18% wooded. The average annual rainfall for this period was 1460 mm, which 
compares to the long term normal rainfall of 1400 mm. 


The measured rainfall, runoff, and sediment yield at Station No. | are compared to the simulated runoff and fine 
material sediment yield in Table 1. Simulated runoff is generally 10% lower than measured runoff. Simulated 
fine material sediment yield was 33% of the measured values. 


Some adjustments to those values could have been performed to improve the results, but AnnAGNPS will 
generally not be used on gaged watersheds where calibrations would be possible. These results show that 
AnnAGNPS provides a reasonable estimate of runoff without a large amount of time spent by the user in selecting 
the parameters. The sediment yield results represent only the fine material at the outlet of Goodwin Creek 
watershed. The measured sediment yield represents the fine material from all sources, inciuding gullies, channels, 
as well as from fields. The simulated results caly represents the fine material that is coming from the fields and 
eventually gets to the outlet. The results from AnnAGNPS are reasonably close to those from Grissinger et al 
(1991) who estimated that 25% of the fine sediment material transporied in the channels of Goodwin Creek were 
from upland sources and the rest were from channel or guily sources. AnnAGNPS uses the technology of RUSLE, 
which predicts the long term average values of erosion. Thus, comparisons with individual events or years will be 
very difficult. In the evaluation of any management practice, long term results are necessary to properly 
determine the effects of the weather on the function of the practice. 
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Goodwin Creek Watershed 


— Sane 


Outlet & Station No. 1 
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Figure 1: Goodwin Creek Watershed showing the location of Station No. | and the stream network and 
watershed boundary generated by TOPAGNPS from DEMs. 
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Creek Watershed from 1982-1991. 
Measured Measured Simulated Measured Simulated 
Year Rainfall Runoff(mm) | Runoff(mm);| Sediment Yield Sediment Yield 
(mm) (ha) {uha) 
1982 1570 676 602 17.6 28 
1983 1539 774 672 19.5 5.1 
1984 1464 505 448 16.5 3.9 
1985 1216 276 208 7.5 1.1 
1986 1169 303 390 5.2 3.9 
1987 1223 284 295 41 1.0 
1988 1095 216 194 3.0 0.5 
1989 1836 757 630 11.7 44 
1990 1466 563 444 9.2 2.2 
1991 2025 1021 903 12.6 98 
Annual 1460 538 479 10.7 3.5 
Average 
Vil -6 


/7/ 














Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


SUMMARY 


AGNPS 98 is comprised of a suite of modules that can be used to predict the pollutant loadings within a 
watershed. This provides a powerful tool to perform waiershed scale evaluations needed in recommending best 
management practices or setting TMDL pollutant allocations. In devcloping management plans to address 
TMDLs, states can utilize AnnAGNPS as science-based technology to meet their specific needs. Action agencies, 
such as NRCS, can utilize this technology on watersheds in conjunction with thei application of RUSLE on 
individual fields by importing those databases to AnnAGNPS. Watersheds that have a significant source of 
pollutants originating from the channels can be evaluated using CONCEPTS. This provides a link between the 
simple watershed model and a more process-based channel routing model. 
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ABSTRACT 


In the development of a TMDL for watershed systems, a linkage needed to produce a cause and 
effect pollutant loading relationship must be defined between a selected indicator and the 
identified sources. This relationship can vary seasonally with factors such as rainfall and 
farming practices. An integrated approach of utilizing simulation models in evaluating these 
climatic and man-made influences will enable researchers and action agencies to study and apply 
the most effective measures impacting TMDLs. The cost of studying a large watershed system 
requires that simulation models be used as a tool when trying to understand the complex 
relationships between many processes. All non-point pollutants are transported by means of 
surface or groundwater runoff from fields or channels. Thus, the first step in any TMDL 
evaluation is to determine the proper runoff from a watershed. Pollutant loadings transported or 
contained in the runoff can then be determined with greater confidence. AnnAGNPS was used 
for the development of a watershed analysis for runoff performed on the Yalobusha Waiershed. 
This required the assembly of complete GIS layers for the watershed. From the GIS layers, 
individual subwatersheds were developed to provide spatial variability of land use, soils, 
topography, and identification of locations to analyze TMDLs used for the AnnAGNPS 
simulations. Simulations performed on the entire watershed system were used to evaluate the 
combined effects of upland management practices within fields on runoff, and eventually, 
sediment yield and water quality. Runoff volume and peak discharge can be determined at any 
point in the watershed by AnnAGNPS to provide stochastic analyses that are important in 
developing TMDL protocols. 
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USE OF INDIRECT FLUVIAL SEDIMENT MONITORING TO DEVELOP A TOTAL MAXIMUM 
DAILY LOAD FOR THE MIDDLE FORK PAYETTE RIVER SUBBASi_ i IN CENTRAL IDAHO 


By Carter Borden, Geoscience Department, Boise State University, Boise, Idaho, James Fitzgerald, 
Envirompmental Protection Agency, Idaho Operations Office, Boise, Idaho, ana James P. McNamara, 
Geoscience Department, Boise State University, Boise, Idaho 


Abstract: Direct fluvial sediment monitoring used mm developing Total Maximum Daily Load (TMDL) for stream 
segments impaired by “clean” sediment is resource and time intensive. Our study examines the use of streambed 
sediment facies mapping to characterize and quantify sand storage (material < 8 mm) as an alternative to direct 
fluvial sediment monitoring. We quantified n-channel sand stored in two study reaches the Middle Fork Payette 
River, central Idaho, and compared the storage results with results from two years of direct monitoring. The river's 
streambed is characterized by sand dunes (d,. = 1.5 mm) moving over a coarser, armored layer (dy, = 57.0 mm). We 
delineated streambed facies by the percentage of surficial sand coverage and relative mobility of coarse fraction and 
determined sand volumes using a stratified, systematic sampling gnd. The upstresxm and downstream reaches hold 
0.20 and 0.62 ft’/ft’, respectively, or 259 and 898 yd’ for equivalent 500 ft reaches. Presuming that the upper reach 
has the desired streambed conditions, then the sand stored im the lower reach needs to be reduced by 68%. Direct 
measurement of bedload transport yielded a required 68% reduction in supply at the lower reach. These remarkably 
identical results, given the erro’ involved in sediment budget calculations, suggests that sediment facies mapping 1s 2 
viable and cost effective alternative to direct monitoring for characterization and quantification of sand storage. 


INTRODUCTION 


Idaho has 940 surface water bodies listed on Idaho's 303(d) list for water quality impairment due to excess fine- 
grained sediment, elevated temperatures, and/or elevated concentrations of chemical contaminants. Of the 940 
surface water bodies, approximately 800 are streams impaired by excess sediment. Of the 800 streams listed for 
excess sediment, approximately 320 flow through basins underlain by granitic bedrock of the Idaho Batholith. The 
Idaho Batholith granitic bedrock decomposes into fine-grained sediment that ranges from silt to fine gravel in size. 
Excess sand impairs in-stream water quality for fish food, habitat, and spawning grounds by reducing gravel quality. 


Each water body on Idaho's 303 (d) list requires that a Total Maximum Daily Load (TMDL) be established. 
Development of a sediment TMDL requires knowledge about the source, transport, and storage of suspended and 
bedload sediment. Such knowledge is typically obtained through expensive, time-consuming, and long-ter. 
sampling programs that are beyond the financial and resource limits of the TMDL authors. Bedload sampling is a 


particular problem because automated sampling techniques are not well developed. Thus, there is a need for a quick 
and accurate method to assess the bedload condition of a streain without long-term monitoring. 


In this study we evaluate measuring sediment storage as an alternative long-term bedload transport monitoring. 
Specifically we compare a sediment budget derived from two years of sediment monitoring at upper and lower 
reaches along the Middle Fork Payette River (MFPR) to the quantity of sand (particles < 8 mm) stored at the same 
reaches. The upper reach (MFLT) is assumed to have the desirable water quality based on the quantity of surficial 
gravels and cobbles in the streambed and the presence of good fish habitat, a pool. The lower reach (MFDG) is 
considered the impaired reach because it is inundated with sand, covering the surficial gravels and cobbles and 
fil‘ing in pools. Based on the similar channel geometry at both reaches, we assume that MFDG reach’'s streambed 
should have simular quantities of sand and gravels as the MFLT reach. Fitzgerald (this volume) reports that bedload 
transport rates (97% of the bedload material is below 8 mm) needs to decrease by 68% per unit width for the MFDG 
to produce similar particle size distributions as the MFLT reach. The purpose of this study is to determine if 
mapping sand storage can produce the same result as sediment monitoring. To evaluate these methods, we 
conducted the following tasks: 

1. (Quantification of the sand stored at MFLT and MFDG reaches, and 

2. Comparison of the two methods for determining TMDL targets. 
Characterization of the lower MFPR's hydrology and sediment transport regimes is presented by Fitzgerald et al. 
this volume. 
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BACKGROUND 


Sedument erosion within a basin involves sedsment transport off the hillslopes, through the fluvial system, and out of 
the basin. While m the fluvial system, sediment is either being transported or in storage. Kelsey (1987) classified 
sediment storage into active, semiactive, mactive, or stable zones based on their frequency of mobilization The 
actively stored sediment exists with, or juxtaposed to. the active nver channel and is mobilized every | to 5 years. 
In gravel-bed streams, storage features characteristic of actively stored sedument mclude bars and pools. Sediment 
storage within these features vanes temporally with sediment stored in 1 channel's deeper sections being mobelized 
more often than shallowly stored sediment (Wathen and Hocy 1998) Bars form from hydraulic changes, non- 
fluvial effects, or excess supply of sediment (Church and Jones 1982) The latter represents the primary storage 
mechanism for bedioad in gravel-bed rivers and sediment stored within them has a shorter residence ums. Pools 
store sediment during low water discharges but scour during high water period (Gomez 1991). 


Site Background: The MFPR basin is located m central Idaho, approximaicly 35 mi north of Boise, Idaho 
(Fitzgerald et al. this volume, Figure 1). The MFPR basin covers approximately 340 mi’ and ranges in elevation 
from 8,696 ft at Rice Peak to 2,992 ft at the confluence with South Fork Payette River (SFPR). Valicy profiles 
change from V-shaped with steep down-valley gradients and steep walls in the upper basin to a wide floor and 
gentler sloped walls near the confluence with the SFPR. The basin's highly crodible soils are weathering products 
from the underlying Cretaceous granitic rocks of the Idaho Batholith, Average monthly temperatures are greatest in 
July and lowest im January and the wettest months are December through February with the average annual 
precipitation at Garden Valley Ranger Station and Deadwood Surnmmit being 24.5 in. and 45.4 im., respectively. 
Snowfall ranges from 57.0 in. at Garden Valley Ranger Station and 186.5 in. at the Deadwood Dam station. 





Distinct peaks in the MFPR's annual hydrograph are caused by snowmelt, rain-on-snow events, and thunderstorms. 
April and usually initiate at elevations below 6,500 ft (IDEQ 1998). Seventy seven percent of the MFPR basin at 
the confluence is below 6,500 ft. Thunderstorms occur as localized events from June through carly September but 
cause munor changes in the mainster: MFPR's hydrograph due to thei localized nature. 


The study reach extends 12.4 mi. along the MFPR from the upper reach, located at Lightning Bridge (MFLT), to 
lower reach, located at the confluence with the SFPR (MFDG). At the MFLT and MFDG reaches, the MFPR drains 
208 mi.’ and 338 mi’, respectively. The average gradient and sinuosity is 0.0012 fv/ft and 1.56, respectively, and 
the valley is underlain by glacial outwash plain alluvium. Our study followed a 1997 rain-on-snow event that 
induced abnormally high quantities of debris flows within the MFPR basin. These debris flows delivered large 
quantities of sediment into the MFPR's fluvial system. The MFPR at MFLT adjusted to the sediment pulse by 
transporting the sand fraction of the bed material. The MFLT and MFDG reaches are “in” and “out of” equilibrium, 
respectively, based cach site's dominant discharge, bedload rating curves, and quantity of sand stored (Fitzgerald et 
al. this volume). 


To quantify sand storage and assess sediment facies mapping as a potential tool for evaluating stream quality, we 
quantified the stored sand at the MFLT and MFDG reaches and compared the results to the two years of sediment 
monitoring results (Fitzgerald et al. this volume). We quantified the sand storage within the channel bankfull stage 
boundary for a 550 and 600 ft reach (MFLT and MFDG respectively). We delineated five streambed facies using 
the surficial sand abundance, coarse fraction'’s relative mobility, and presence of vegetation. We defined “sand” as 
particles less than 8 mm along the b-axis based on the upper particle size limit for salmonid fry energence (Kondolf 
2000), and it was easily identifiable from the coarse bed material by its lighter color. In addition, material less than 
8 mm represents 9% and 97% of the bedload samples’ and dune material, respectively, suggesting the material less 
than 8 mm represents the majority of the lower MFPR's bedload (Fitzgerald et al. this volume). 


We determined the coarse fraction mobility based on the coarse particle's packing, algal growth on the particle's 
surface, and streambed firmness under foot. Visually, a distinct difference exists between the immobile armored 
layer and recently mobilized gravels and cobbles. The armored layer exhibits a firm bed, darker particles from 
aquatic plant growth, and matrix supported packing of the coarse particles. Characteristics of mobilized coarse 
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fraction imclude sand supported matrix, loose under foot, and lighter colored particles. We found no facies 
comprised of exclusively mobilized coarse particles. 


Facies Delineation Characteristics: 

© Dune — streambed surface consisted of greater than 90% surficial sand coverage (Ds, 1s approximately | 4 
mm). The Dune facies is usually loose under foot and appears lighter in color than coarse layer. If coarse 
maternal is present, st usually 1s associated with the largest parncle im the underlying armored layer 

© Dune Over Armored Layer (DOAL) - streambed surface consisted of between 30-90% surficial sand 
coverage (D5, 1s approximately 1.4 mm) overlying an armored substrate of coarse-gravels to boulders (Dy, 
approximately 40-85 mm). The sand is lighter in color and loose under foot while the armored layer is 
darker im color, has algal growth on it, and is firmly packed. We chose: the lower dyeshold, 30% sand 
surficial coveraze. based on the threshold where sand coverage appeared to change from interstitial to dune 
overriding the armored layer. We chose the upper threshold, 90% surficial sand coverage, because the 
armored lay=r usually consisted of « lone cobble or boulder sucking up through the sand with sufficiently 
deep sand surrounding 1 to be considered the Dune facies. 

* Armored - streambed surface consisted of less than 30% surficial sand coverage laid overtop an armored 
layer of coarse-gravels to boulders (i+ approximately 40-85 mm). The Armored faces 
characteristically darker mm color, has algal growth on it, and is firmly packed. 

¢ Bar - streambed surface consisted of less than 90% surficial sand coverage that is mixed with mobile coarse 
particles. The coarse particles are matrix supported and comprise 10-46%, averaging 25%, of this facies 
and have a Dy of approximately 32 mm. 

¢ Vegetation — streambed surface consists of well vegetated areas with riparian grasses or willows. This 
facies represents regions lining the banks and established bars within the study area covered in vegetation. 


Field Efforts: Ficid efforts included surveying facies boundaries, measuring sand depths through cross-sectional 
transects, measuring percentage of sand within the Bar facies by coring, and excavating pits to determine material 

ing the Dune facies. We quantified sand stored in Dune, DOAL, Armored, and Bar facies, but not in the 
Vegetated facies because of its limited spatial extent. Additional field efforts included preliminary sampling to 
establish sampling density within the Dune facies, taking 30 cores at two Bar facies locations to establish particle 
size variability within this facies, and collecting data to derive the DOAL and Armored facies equation to calculate 
sand volume from the percentage surficial sand coverage. 





To quantify the sand stored in the Dune, DOAL, and Armored facies, we surveyed facies boundaries and sampled 
sand quantities along transects established every 30 fi longitudinally We surveyed facies boundanes to within ¢ | ft 
using a Topcon GTS-2i3 total station. Along cach transect, we sampled depths every 1.5 ft for the Dune facies and 
percentage surficial sand coverage every 3.0 ft for the DOAL and Armored facies. W-> determined this sampling 
distribution using a semivariogram analysis of preliminary sampling at MFDG and MFLT. The sampling density 
chosen captures the majority of variation within 0 25 ft. However, we increased longitudinal .ampling density with 
increasing heterogeneity in streambed facies. 


At each sampling point along a transec’ in the Dune facies, we measured the sand depth by thrusting a graduated, 
acuminated rod until it hit the underlying coarse layer and recorded the depth. To confirm the underlying coarse 
layer's presence at cach site, we excavated at least one pit through the sand layer to the sand and armored layer 
interface. We also used these pits to verify the homogeneity of the particle size distribution throughout the sand 
column. 


To determine the quantity of sand stored in the DOAL and Armored facies at each point along a transect, we noted 
the percentage surficial sand coverage and the Dy particle size representative of the 3 ft’ sampling area surrounding 
the sampling point. We then entered the percentage surficial sand coverage irto equations derived to convert the 
percentage surficial sand coverage to sand volume. We derived the equation by incrementally filling a 55-gallon 
barrel, cut in half endwise, with sand and noting the percentage of sand coverage. The test involved randomly 
selecting an area of coarse armored layer with less than 5% sand coverage, placing the barrel on the streambed, 
filling the barrel with 500 mi increments of sand, and noting the percentage of surficial sand coverage after each 
incremental addition. We placed the barrel such that no gaps existed between the barrel bottom and armored layer 
interface and that the armored layer was not disturbed. To consistently assess the percentage of covered sand, we 
used a mesh grid with 100 counts. We derived the equation using the data from nine tests conducted at three reaches 
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along the river between MFDG and MFLT. Smmilar pebble counts of the coarse armored layer at seven reaches 
along the lower MFPR suggest these equations are applicable throughout the 12.4 mui. study reach. 


To determune the sand present in cach Bar facies, we used a 6-imch McNeil sampler to collect five spatially random 
cores, sieved each sample, and measured cach fraction using volumetnc displacement to determune sts particle size 
distribution. The sieve sizes include 76.2, 38.1, 19.1, 9.7, 6.3, 2.0, and <2.0 mm (-63, -5.3, -4.3, -2.7, -1.0, and 
<1.0 @, respectively). Use of the graduated, acuminated rod to measure sand depths was not practical im this facies 
due to the coarse particles suspended m the sand matrix. We determined the sampie variance within the Bar facies 


by collecting 30 cores at two sites and checked analytical quality by reprocessing 12 % of the samples. 


Office Analysis: We calculated facies spatial extent and sand volumes using Arcview 3.). Calculating facies spatial 
extent involved warping a low-level acrial photog-aph, taken from 1,000 ft alutudc, to survey data and then 
and Armor facies, we calculated cach facies’ sand volumes by determining the area cach transect represented of that 
facies, the average sand depth over that transect, and then summing the sand depths for all transects. For the Bar 
facies, we determined the sand volume by multiplying cach sample's representative acral extent by the percentage 
of sand and 6 inches depth, the McNeil sampler coring depth, and summing the volumes of cach sample. We 
determuned the representative area of each sampie using the Theissen polygon method 


RESULTS 


MFDG: The MFDG reach covers 46,910 ft’ over a 600 ft reach and stores 28,521 ft” of sand (Table 1, Figure 1A). 
The Dune facies comprising nearly 60% of the streambed with the DOAL and Armored facies comprising 29 $ and 
11.1%, respectively. Of the total sand stored within the reach, the Dune facies contains 97.2% of the sand with the 
DOAL and Armored facies comprising remaining 2.5 and 0.3%, respectively. The Dune facies covers the 
streambed throughout most of the low gradient section of the MFDG reach with an average and maximum sand 
depth of 1.01 and 3.56 ft, respectively. During low water discharges, this reach becomes shallow with a level sand 
surface that is poor fish habitat. Coarser material is exposed in the thalweg, along the nght waters edge im transects 
1 - }i, and im the higher gradient sections, transects 17 - 21. The thalweg and high gradient secthuns partially fill 
with sand during low water discharge periods. Without the excess sand, this reach would have pools 3-4 ft deep 
during low water discharges. There was no Bar or Vegetation facies mapped at this site. 














Table | - Facies and statistics for the MFDG reach 
acies Area Sand Storage 
Facies Area (ft’) % Reach Stored Sand(ft’) § %Reach Ave. Depth (ft) 
Dune ~ 27,845 sa4 28,103 ~ 972 1.01 
DOAL 13,815 29.5 728 25 0.05 
Armor 5,250 Wl 91 0.3 0.02 
Bar 0 0.0 0 0.0 0.00 
Vegetation 0 0.0 na nwa na 
~ “Total 46,910 78,97) 





all 


MFLT: The MFLT reach covers 38,489 ft’ over a $50 ft reach and stores 7,577 ft’ of sand (Table 2, Figure 1B 

Dune, and Armored facies comprise 49.0, 29.5, and 16.8% of the MFLT reach’s aerial coverage, 
respectively, with Bar and Vegetation facies comprising the remaining 4.7%. Like the MFDG reach, the sand is 
primarily stored in the Dune facies, 85.6%, with lesser amounts stored in the DOAL, Bar, and Armored facies. 
While the DOAL facies covers 49.0% of the study reach, it only accounts for 10.0% of the stored sand. In the 
MFLT reach, sand is primarily stored in the Dune covers the middle of the low gradient sections of the reach with an 
average sand depth of 0.57 ft. The thalweg, running down the right water edge from transect 8 - 20, contains little 
sand and is underlain by the DOAL and Armored Facies. Transects 15 - 20 cross a 4.25 ft deep pool along the right 
14 -16, forms the upstream boundary of this pool. 
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Table 2 — Facies and storage statustics for the MFLT reach 














Facies Arca Sand Storage 

Facies Area (ft) % Reach Stored Sand(ft’) %Reach j§ Ave. Depth (ft) 
Dune 11,360 29.5 6,484 «856 0.57 
DOAL 18,853 490 759 10.0 0 04 
Armor 6.468 168 $3 07 001 

Bar 338 09 281 37 08) 
Vegetation 1,470 38 na na na 
Total 38,489 7,577 














Figure | — Surficial facies maps and sampling transects of the MFDG (A) and MFLT (B) reaches 


DOAL and Armored Facies Sand Volume Equations: We derived two equations for determining the sand 
volume from the percentage surficial sand coverage in the DOAL and Armored facies (Figure 2) The equations are 


v, = 9.0°10°4,’ + 0.00034, r = 0.958 0 ~ 75 % sand Eq | 
vy, = 0.00194, - 0.0581 r = 0.346 75 ~ 90 % sand Eq. 2 
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where ¥, 1s the sand volume per foot (ft’/f’) and A, is the percentage of surficial sand coverage. For surficial 
send coverage less than 75%, a r value of 0.958 demonstrates a strong relationship between sand volume and 
percent sand coverage. We chose 2 second order polynomual due to slight parabolic nature of the data Fitting a 
linear trend to the data slightly overestimated volumes from 30-55% and rendered ar value of 0.895. Because we 
deriveé this equstion from samples collected throughout the study reach, the high r° value is a function of the 
than 75%, we used a linear equation to predict sand volume from percentage surficial sand coverage that had a 
value of 0.346 No strong correlanon existed between largest parnck present and volume of surficial sand stored. 


0.16 | ° 


Ys =0.001IU,-00581 ef 
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F gure 2 - Data from the nine test samples used to generate the equations relating sand volume tc the percentage of 


We used two equations to calculate sand volume from percentage surficial sand coverage due to a fundamental 
change that occurs in the relationship around 75% surficial sand coverage (Figure 2). Below 75% surficial sand 
coverage, sand uniformly covers the coarse particles until only the largest particle is exposed. Above 75% surficial 
sand coverage, quantity of sand necessary for changing the surficial sand coverage depends strictly on the largest 
particle's size, shape, orientation, and embeddedness. For example, if two identical particles are «xposed at the 
surface, one with the a-axis and the other with the c-axis extending upward, then the former would require more 
sand to cover it due to its vertical protrusion above the streambed. We did not investigate using a particle's size, 
shape, onentation, and embeddedness to better predict sand volume stored, however we hypothesize that measuring 
a particle's protrusion above the streambed would provide a better relationship for the 75 - 90% surficial sand 
coverage range 


We made three assumptions in deriving these equations. First, the particle size distribution and packing remains 
similar throughout the study reach. Similar results of pebble counts of the coarse, armored layer at each reach and a 
r value of 0.958 in the 0-70% surficial sand coverage suggest this assumption is valid. Second, the sand in sn area 
is evenly distributed between ccarse material and does not account for influences of water discharge in higher 
energy environments that would permit hiding. Third, the suspended fraction of the bed material load comprises 
negligible volume and therefore its loss during the incremental filling of the barre! 1s not wmportant. 


Fitzgerald et al. (this volume) showed that MFDG transports 68% more sand than MFLT per unit area and 
concluded that transport at MFDG must therefure be reduced by 68% to obtain the similar streambed conditions at 
MFLT. The sediment mapping presented here shows that MFDG has 68% more sand per unit area than MFLT. The 
answer to the objective stated in the introduction is therefore yes, sediment mapping produces the same result as 
sediment monitoring. The next question that must be asked is this: is it real or is it a coincidence? If bedload 
transport of sand is supply limited, then the stream by definition transports all of the available sand. Thus, if the 
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amount of available send is doubled, the amount of transport will be doubled. This is not true if bedload transport of 
sand is transport limited. Scour chains show that during high water discharges, the streambed surface scoured to the 
armored lzyer at MFDG in the channel. Since all of the available sand was transported, bedload transport of sand is 
therefore supply limited, and the matching results between the sediment mapping and sediment monitoring 1s real. 


At both reaches, the Dune facies stores the majority of the sand. The Dune facies’ average depth at MFDG is 0.45 fi 
greater. This excess sand influences the pool habitat at the reaches. At MFLT, sand quantities are insufficient to fill 
in the pool while at MFDG, sand depths indicate a 3-4 ft pool would exist in the sand’s absence. Also, the excess 
sand shelters the sediment from experiencing shear stress, so mobilization of gravels for spawning is not likely. 


The DOAL facies covered 29.5 and 49.0% of the MFDG and MFLT, respectively. Neither reach stored more than 
10% of the sand in this facies but the MFL7 reach had greater spatial extent and existed in lower gradient reaches. 
The average percentage surficial sand coverage between the two reaches is different to within a 99% confidence 
interval and the MFDG reach’s average is 14.3% greater. The Armored facies at both sites covered less than 17% of 
the area, stored less than 3% of the sites’ sand, had average sand depths of less than 0.02 ft, and primarily existed in 
the thalweg. At both reaches, the Vegetation and Bar facies represent insignificant spatial extent and sand storage. 


The sediment facies mapping took 10 and 8 man days for the field work and office analysis, respectively, versus two 
years of sediment monitoring, sampling on a monthly and event basis, that used 32 and 16 man days for the field 
work and office analysis, respectively. Additional benefits of using sediment facies mapping includes that it is 
performed during low water discharges, requires minimal equipment, can be used to evaluate available habitat, and 


need only be performed once. 


There are several limitations of using sediment facies mapping to assess reductions needed to set TMDL limits. 
First, this method only provides a snapshot in time so there it provides little information on time required to flush 
sand from the system or seasonal variation of sand deposition throughout the year. However, coupling the sediment 
mapping with bedload transport equation or conducting multiple sampling events may provide a means of answering 
these shortcomings. Second, because sampling needs to be conducted during wadable water discharges, it can not 
be used to evaluate sediment deposition during unwadable water discharges. For example, if one was interested in 
rainbow trout habitat for spawning, which occurs during spring runoff in the Rocky Mountains, then this would be 
difficult, if not impossible, to perform on most streams. Third, the practitioners must have some knowledge of the 
particle size mobility prior to sampling in order to establish facies based on relative transport of particular size 
fractions. Fourth, to assess target streambed conditions this method relies on comparing a desired reach and 
impaired reach to assess how much sediment storage needs to be decreased in the impaired reach. This requires 
having a reach along the same river with desired water quality conditions and similar geomorphic conditions or a 
reference reach in another drainage with similar physical, climatical, and hydrological conditions. Finally, sediment 
transport at both sites needs to be supply limited in order for sediment storage and transport rate correlation to be 
valid. 
CONCLUSION 

Sediment facies of sand storage within two reaches of the lower MFPR show that the MFLT and MFDG 
reaches store 7,577 cee ttb Remivenl adas 0 cm ete hah, examen Sand is primarily stored in 
the Dune facies at both reaches. The identical results from the sediment facies mapping and sediment budget 
indicate that sediment facies mapping can be used as a surrogate to monitoring sediment transport saving time and 
resources. 
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USE OF DIRECT FLUVIAL SEDIMENT MONITORING TO DEVELOP A 
TOTAL MAXIMUM DAILY LOAD FOR THE MIDDLE FORK PAYETTE 
RIVER SUBBASIN IN CENTRAL IDAHO 


Jim Fitzgerald, hydrologist, USDA Forest Service, Hayfork, California; Carter Borden, 
hydrologist, Boise State University, Boise, Idaho; Jim McNamara, hydrologist, Boise State 
University, Boise, Idaho 


Abstract: The tools commonly available to develop non-point source Total Maximum 
Daily Loads for instream "clean" sediments are direct and indirect fluvial sediment 
monitoring. We use two years of direct fluvial sediment monitoring to evaluate the type 
and quantity of sediment impairing the salmonid rearing uses of the Middle Fork Payette 
River Subbasin in central Idaho. Suspended sediment and bed-material data taken on a 
monthly and high flow event basis show that bedload was the dominant type of sediment 
transport in this watershed. The measured bedload accounted for about 80% of the total 
measured load during the study period. For all the sites, the bedload Ds) = 1.5 mm. The 
study reaches tend to have year round sand transport via dunes over an armored very 
coarse gravel (Dso = 57 mm) substrate. For the lower mainstem-site, the average 
measured bedload flux was 179 tons/day with a minimum of 33 and a maximum of 837. 
For the upper mainstem-site, which is about 12 miles upstream of the lower site, the 
average measured bedload flux is 57 tons/day with a minimum of 0 and maximum of 
616. We presume that the upper site is representative of the desired water quality 
condition and infer that the bed-material supply needs to be reduced about 68%. To help 
account for annual variability of the bed-material load and provide and effective 
monitoring tool, the sediment rating curves are used and indicate a 63 % reduction in 
slope. We show that direct fluvial sediment monitoring techniques were an effective 
way of describing the type and quantifying the relative amount of sediment contributing 
to poor water quality. Direct fluvial sediment monitoring, however, was resource 
intensive. 


INTRODUCTION 


Backgreund: The Sediment Total Maximum Daily Load (TMDL) protocols allow the 
analyst flexibility to use the appropriate monitoring and analytical techniques given the 
watershed characteristics, time, and budget (EPA 1999). This is especially important for 
non-point source TMDLs where traditional water quality monitoring and analytical 
techniques are not adequate to set pollutant load reductions from dispersed land uses. In 
Idaho, "clean" sediment produced from public and private lands used for agriculture, 
forestry, mining, and urban development is the most common pollutant impacting 
salmonid species and placing streams and lakes on the State 303(d) list. 





We monitored stream and sediment discharge of the Middle Fork Payette River (MFPR) 
from March 1998 to November 1999. The MFPR typified mariy streams listed on Idaho's 
303 (d) list for sediment in that, prior to this study, its hydrology, channel morphology, 
and sediment transport had never been monitored. Our objectives were to: 
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1. Characterize the stream flow hydrology of the lower MFPR, 

2. Quantify the type of suspended and bed-material sediments, 

3. Quantify the amount of sediment transport; and 

4. Set TMDL targets and sediment load reductions for stream reaches impaired as a result 
of “clean” sediments. 


Site Description: The MFPR basin is located in centrai Idaho, approximately 35 miles 
north of Boise, Idaho (Figure |). The study reach examines the lower 12 miles of the 
MPFPR''s channel, extending from the Lightning Road Bridge - downstream to the 
confluix ¢ with the South Fork Payette River (SFPR). In addition, a site was established 
on Lighi ing Creek, approximately 900 ft upstream from its confluence with the MFPR, 
for hydrologic and sediment characterization. We monitored an upper site (MFLT), a 
lower site (MFDG), and several tributaries. 
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Figure 1. Site location map. 
METHODS 


Characterization of the lower MFPR's hydrology, channel morphology, and sediment 
transport rate involved fieldwork, laboratory measurements, and office analysis. 
Fieldwork included measuring water and sediment discharge, monitoring stage using 
outside staff gauges and pressure transducers, establishing and monitoring channel 
refevence reaches, and deploying of scour chains. Laboratory analysis included 
measuring total suspended solids (TSS) and drying, sieving, and weighing bedload 
samples. Office analysis included developing stage-water discharge rating curves, 
bedload transport rating curves, and water and sediment budgets and determining 
dominant discharge and changes in channel geometry. 
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Field Techniques: 


Sediment discharge: We measured sediment discharge directly at low and high flow 
using USGS protocols (Edwards and Glysson 1998). For suspended sediment, we 
collected depth integrated suspended sediment samples using the Equal Width Increment 
sampling technique and measured bedload using two passes of 20 cross-section points 
where each point was sampled for 30 seconds using a Helley Smith bedload sampler. 


Laboratory Techniques: 


Total suspended sediment: Suspended sediment samples were analyzed using the Total 
Suspended Solids (TSS) analytical technique at the USEPA Manchestor Laboratory. 
This analytical technique differs from the USGS suspended sediment technique and 
sometimes produces different results (Glysson et al. 2000). To quantify the differences, 
we ran duplicate samples using both methods on about 5 % of the samples and found 
substantial differences between the samples collected at high flow. 








Bed-material: Grain size analyses were conducted at Boise State University’s soil 
laboratory using standard techniques. Following these methods, the samples were dried, 
sieved, and weighed. The sieve sizes included -4.9, -4.3, -3.2, -2.2, -1.0, -0.5, 0.2, 1.2, 
and <1.2 phi. The results of the sieve analysis were plotted using cumulative grain size 
plots and the dj¢, dso, and dgs statistical breaks were used to describe the particle size 
distribution of bed-material samples. 


Office Analysis: To generate sediment budget, we analyzed the discharge and sediment 
transport data collected during the study period to create hydrographs and sediment rating 
curves. Annual hydrographs developed for upper and lower sites were developed by 
either calculating water discharge from average daily stage, extending the discharge 
record using maintenance of variance extension type | (MOVE]1) analysis (Hirsch 1982; 
Moog, Whiting et al. 1999), or regressing concurrent water discharge measurements 
between reaches. 





Reach specific sediment rating curves were generated by regressing sediment and water 
discharge data from a reach. Sediment fluxes at upper and lower sites were determined 
by applying the respective sedimert rating curve to reach’s hydrograph to determine the 
quantity transported for the year. To calculate the study reach’s sediment budget, the 
incoming sources and the lower site was the outgoing source to the control volume. 
Stated mathematically: 


AS = OS sere + OSircx + QS scace + QS awoce ~ QSurvc + € 


where AS is the change in storage, Qs ,,, is tons of sediment over the year at a particular 
reach, and ¢ is the error associated with the calculations. 
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Random and systematic errors arose from measurements and computations, respectively. 
Measurement errors, the probability of a measurement’s repeatability, are dependent on 
an instrument’s accuracy and were assumed to have random normal distributions, with a 
mean and standard deviation equaling the measured value and instrument error, 
respectively. These errors can either be a fixed value, such as the accuracy of a tape 
measure, or fluctuating, such as water discharge velocity meter (+ 2% of the measured 
velocity). Random errors (Gg) associated with calculated variables (R) were a function of 
propagating measurement random errors through the calculations using: 


R= f(x, y,....»2Z) 
(2) ; (ae) ' (2#) , 
o,= =i d, +i = CO, +...+ =i G, 
Ox Oy Oz 
where x, y, and z represent independent variables with corresponding errors of 0, , c,, 
and o, (Taylor 1997). 





RESULTS AND DISCUSSION 


Sediment: Suspended sediment comprised approximately 20% of the total sediment load 
in the MFPR. The low percentages of the total load, attributable to the suspended 
sediment load, is characteristic of forested, montane streams. The bedload transport 
regime in the mainstem MFPR was sand (dso = 1.5 mm) overriding a coarse, armored 
layer (dso = 57.0 mm). Bedload transport samples, scour chain data, sand dune 
excavations, and visual observations indicated that the mobile fraction of the streambed 
was primarily sand. Bedload samples collected at MFDG and MFLT shared similar 
particle size distributions (Figure 2) and mineralogic compositions. The consistent shape 
and size of particles in the bedload samples may indicate that the material entering the 
study reach is moving through without much reworking. The armored layer’s relative 
immobility, for water discharges observed during the study period, was evident by the 
coarse particle’s clast supported packing, algal growth on the particle’s surface, 
streambed firmness under foot, scour chain results, lack of observed coarse material in 
the sand dunes and bedload samples, and incipient motion calculations. Flows observed 
during the period of study only locally mobilized small quantities of particles less than 64 
mm (b-axis). In both reaches, incipient motion calculations, coupled with flood 
frequency analysis, indicated that an 8 year event would be necessary to fully mobilize 
the armored layer. 





Bedload transport rates ranged from 29 to 854 tons/day and 0.0 to 562 tons/day for upper 
(MFDG) and lower sites (MFLT), respectively (Table 1). Due to the greater stream 
power and sand supply, the lower site transporied considerably more bedload than upper. 
Gradation curve illustrating the particle size distribution of bed-material and armored 
layer. 


Site: At bankfull conditions, ANDCK and SCRCK averaged 41 and 14 tons/day, 
respectively, about 10 % of the bedload that entered the study reach. The exponents of 
MFDG’s, MFLT’s, and LTCK’s bedload rating curves were 0.76, 2.09, and 2.03, 
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respectively, when regressing bedload in terms of tons/day. The MFLT and LTCK 
reaches’ exponents were similar to those observed by Whiting (1999) for gravel bedded 
streams throughout the Idaho Batholith. Whiting’s exponents ranged from 1.62 to 3.93 
and determined the majority of the streams to be supply-limited. The MFDG reach’s 
lower exponents was a function of the sand available for transport and is typical of a sand 





















































































































































































































































100 — 
| ; | mee TAT OT TT] 
| | | Tis Bani | 
| 90 t =: t 
| ~ | Py y aii || 
| PA ae ) 
| 70 -f: a 
ge Mr ||| | 

Ii 
‘BLY 
50 
i 

40 | 

30 ; ——MFDG + 

o ; al ~.-.-- MFLT | 

je r ented . Tribs 
10 . REST eee armored |. 
otf tt a on if | 
0 | Li i 
0.01 0.1 ' ona * 100 1000 








Figure 2. Gradation curve illustrating the texture of mobile and immobile bed-material. 


Sediment Budget 

The calculated the total bedload transported during the 1999 water year into and out of 
the study reach as 25,693 + 7,708 and 64,855 + 19,457 tons, respectively, with a net gain 
of 39,162 + 11,760 tons (Table 1). The net gain reflected either uncertainty due to error 
propagation in the calculations, inputs not accounted for in the budget, a change in study 
reach’s sand storage, or a combination of the three. Computationally, even after 
accounting for the error in the hydrologic and sediment transport rating curves, the study 
reach’s net gain remained between 11,997 and 66,327 tons, or a 40 and 367% gain in the 
outgoing bedload. Since a net gain existed after accounting for the propagated error, then 
the study reach’s net loss was not an artifact of the computations. 


TMDL Development: [DEQ (1999) measured the biologic health of the MFPR and 
concluded that salmonids are impaired by excess “clean” sediment from the confluence 
with the SFPR to Bulldog Creek. Within this river reach, excess fine sediments 
inundating salmonid habitat are likely the major cause of water quality impairment. In 
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addition, the level of impairment increases downstream with the lowermost reaches of the 
MFPR supporting very few salmonids (IDEQ, 1999). We use the upper site as a 
reference reach to infer what the desired substrate conditions are at the lower site. 


Table 1. Study Reach Sediment Budget for the 1999 Water Year. 














Reach ~ Bedioad Transported (tons) Bedload Transport Error (tons) 

Input 

MFLT 16,746 5,024 

LTCK 6,727 2,018 
SCRCK 538 161 
ANDCK 1,682 505 

Output 

MDFG 64,855 19,457 

Net 39,162 11,749 








Data show that the dominant type of sediment is sand size bed-material; therefore, the 
TMDL likely does not need to consider the suspended sediment load. In the MFPR, the 
amount of sand stored and transported through a given reach is linked to the available 
salmonid habitat wher: pools are literally filled with sand size bed-material. The vr. er 
site, at Lightning road bridge, is located about | mile downstream of Bulldog Creek 
(Figure 1). We presume this site is an adequate reference reach to infer the desired 
conditions for the lower reach. 
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Figure 3. Scatter plot illustrating bed-material rating curves. 
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We use the sediment budget and sediment rating curves to estimate how much the 
sediment load needs to be reduced to meet the TMDL goals. The annual variability of 
the MFPR sediment load makes is difficult to establish a mgid quantitative load reduction 
much like a water quality standard. Using the average measured med-material load of the 
upper and lower sites indicates that the bed-material load needs to be reduced at least 
68%. 


To better def.ae the desirable sediment load that will increase available salmonid habitat, 
we use sediment rating curves developed for the upper and lower sites. A common 
technique is to compare the slopes of the rating curves and estimate how much the slope 
needs to be reduced to meet the TMDL goals (EPA, 1999). Figure 3 illustrates the 
sediment rating curves for the upper and lower sites. The exponents of MFDG’s, 
MFLT’s bedload rating curves were 0.76 and 2.09, respectively. These curves indicate 
that to meet reference conditions measured at the MFLT, the slope of MFDG curve needs 
to be reduced 63 %. Indirectly, the sediment rating curves are a measure of biological 
health with an inferential link between the annual bed-material load and available 
salmonid habitat. As the goals of the TMDL are reached, we expect to see the slope of 
the lower site rating curve decrease and the volume of pools increase. 


SUMMARY 


The sediment transport regime measured during this study was tominated by bed- 
material transport comprising approximately 80% of the total sediment load. Bed- 
material samples consisted of well sorted sands (Dsp = 1.5 mm) derived from granitic 
soils with angular to subangular shaped particles. In the lower reaches, sand overrides a 
coarse, armored layer, covering much of the bottom and filling in pools. The armor 
layer's particle size distribution was consistent throughout the study reach (Dsp = 57.0 


mm). 


These data help focus TMDL restoration effort on bed-material sediments since 

suspended sediment does not appear to be contributing to poor water quality. We infer a 

threshold or goal for the "clean" sediment TMDL using sediment rating curves. These 

curves help account for annual variability and provide a consistent measure to track water 
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By Kyle E. Juracek, Hydrologist, U.S. Geological Survey, lawrence, Kansas 


areas in Kansas. The results were used to compare selected subbasins representing slope, soil, land-use, and runoff 
variability across the State. Potential runoff-contributing areas were estimated collectively for the processes of 
infiltranon-excess and saturation-excess overland flow using a set of environmental conditions that represented very 
high, high, moderate, low. very low, and extremely low potential for runoff (in relative terms). Various rainfall- 
intensity and soil-permeability values were used to represent the threshold conditions at which infiltration-excess 
overland flow may occur Antecedent soil-moisiure conditions and a topographic wetness index (TW1) were used to 
represent the threshold conditions at which saturation-excess overland flow may occur Land-use patterns were 


Results indicated that the very low potential-runoff conditions (soil permeability less than or equal to 1.14 inches 
per hour and TW1 greater than or equal to 14.4) provided the best statewide ability to quantitatively distinguish 
subbasins as having relatively high. moderate, or low potential for runoff on the basis of the percentage of potential 
runoff-contributing arvas within each subbasin. The very low and (or) extremely low potential-runoff conditions 
(soil permeability less than or equal to 0.57 inch per hour and TW1 greater than or equal to 16.3) provided the best 
ability to qualitatively compare potential for runoff among areas within individual subbasins. The majority of thz 
subbasins with relatively high potential for runoff are located in the eastern half of the State where soil permeability 
generally is less and precipitation typically is greater The ability to distinguish the subbasins as having relatively 
high, moderate, or low potential for runoff was mostly due to the variability of soil permeability across the State. 
The spatial distribution of potential contributing areas, in combination with the superimposed land-use patterns. 
may be used to help identify and prioritize subbasin areas for the implementation of best-management practices to 
manage runoff and meet Federally mandated total maximum daily load requirements 


The State of Kansas is required by the Federal Clean Water Act of 1972 to develop a total maximum daily load 
(TMDL) for water bodies throughout the State. A TMDL is an estimate of the maximum pollutant load (maternal 
transported during a specified time period) from point and nonpoint sources that a receiving water can accept 
without exceeding water-quality standards (U.S. Environmental Protection Agency, 1991). Requisite for the 
development of TMDLs is an understanding of potential source areas of storm runoff that are the most likely 
contributors of nonpoint-source pollution within a basin. 

A study by the U.S. Geological Survey (USGS), in cooperation with the Kansas Department of Health and 
Environment, was begun in 1999 to estimate the spatial extent and pattern of potential runoff-contributing areas in 
Kansas. The specific study objectives were to: 


(1) Estimate potential runoff-contributing areas for infiltration-excess and saturation-excess overland flows, 
(2) Describe land-use patterns that may affect the potential for runoff, and 
(3) Compare the potential for runoff between and within subbasins throughout the State. 





This paper presents the methods and results of the study to estimate the spatial extent and pattern of potential runoff- 
contributing areas in Kansas using the Lower Arkansas River Basin as a representative example. The methods 
presented in this paper may be applicable nationwide as related to the development of TMDL's and the 
identification and proritizauon of areas for the implementation of best-management practices (BMP's). This study 
was made possible in part by support from the Kansas State Water Plan Fund. 
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Runoff-contributing arcas within river basins primarily are the result >f two processes, both of which produce 
overland flow. The first process +s infilwation-cxcess overland flow, which occurs when precipitation micnsity 
exceeds the rate of water infiltratzon into the soil. This process may be dominant m basins where the land surface 
has been disturbed (for example, plowed cropland) or where natural vegetation is sparse. The second process is 
saturation- excess overland flow, which occurs when precipitation falls on temporarily or permanently saturated 
land-surface areas that have developed from “outcrops” of the water table at the land surface (Hormberge: and 
others, 1998). A temporary water table can develop during a storm when antecedent soi!-moisture conditions n a 
basin are high. The saturated arcas where saturation-cxcess overland flow develops expand during a storm and 
shrink during extended dry periods (Dunne and others, 1975). 


Both runoff processes would be expected to affect the load of water-quality constituents m streams, although 
possibly in different ways due to different flow paths. The identification of potential runoff-contributing areas m a 
basin can provide guidance for the targeting of BMP’s to reduce runoff and meet TMDL requirements. 
Implementation of BMP’s within potential runoff-contributing arcas 1s likely to be more effective at reducing 
constituent loads compared to areas jess likely to contribute runoff. 


The spatial extent and pattern of runoff-contributing areas are affected by climate, soil, and terrain characteristics. 
Contributing areas of infiltration-excess overland flow are determined by the interaction of rainfall intensity and soul 
permeability. The least-permeable soils in a basin are the most likely to contribute infiltration-excess overland flow 
As ratafall intensity increases, areas with more moderate permeability also may contribute overland flow. 


Contributing areas of saturation-excess overland flow are determined by the interaction of basin topography and 
antecedent soil-moisture conditions. The effect of topography on saturation-excess overland flow can be quantified 
by an index called the topographic wetness index (TWI) (Wolock and McCabe, 1995). The TWI is computed as 
in(a/S) for all points in a basin, where “In” is the natural logarithm, “a” is the upslope area per unit contour length, 
and “S” is the slope at tha! point. The locations in a basin with the highest TWI values (large upslope arcas and 
gentle slopes) are the most likely to contribute saturation-excess overland flow. When antecedent soil-moisture 
conditions are dry, only areas with ihe highest TWI values may be saturated and potentially contribute overiand 
flow. When antecedent soil-moisture conditions are wet, arcas with lower TWI valucs may be saturated and 
potentially contribute overland flow. 


Land use is another important factor that affects runoff within a basin, both physically and chemically. Physically, 
such characteristics as vegetative cover, soil permeability, and the amount and connectivity of impervious surfaces 
combine to determine the relative magnitudes of runoff for various types of land use. For example, cropland and 
urban lend uses are typified by higher runoff volumes than grassland and woodland Increased runoff from cropland 
is attributable to several factors, including the removal of native vegetation and soil compaction, which decrease 
surface permeability. Increased runoff from urban areas 1s mostly due to the substantial increase in the percentage of 
impervious surfaces (for example, streets, parking lots, roofed structures). In contrast, decreased runoff from 
undisturbed grassland and woodland areas is due to such factors as the interception of falling precipitation by the 
vegetation and accumulated organic debris on the surface, as well as the dense network of roots that increases soul 
porosity. Chemically, land use 1s an important determinant of the sources, types, and amounts of contaminants that 
affect the water quality of runoff. The chemical effects of land use on runoff are not addressed in this paper. 


Potential runoff-contributing areas with high percentages of cropland and (or) urbar land uses would be expected to 
have higher potential for runoff compared to areas of similar soils and topography with high percentages of 
grassland and (or) woodland. Moreover, areas classified as noncontributing on the basis of soil and topographic 
characteristics may contribute runoff if the land use is mostly cropland and (or) urban. Thus, the importance of 
including land use in an assessment of the potential for runoff is evident. Implementation of BMP’s in potential 
runoff-contribvting areas with high perc tages of cropland and (or) urban land uses 1s likely to be more effective at 
reducing runoff compared to similar areas with high percentages of grassland and (or) woodland 
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ESTIMATION OF POTENTIAL RUNOFF-CONTRIBUTING AREAS 


In Kansas, subbasins representing slope, soil, land-use, and runoff variability were sclected for analysis. The 
selected subbasin boundanes were ob.ained from a statewide data base of 11- and |14-dogs hydrologic unst (basin) 
boundaries that was developed at a scale of 124,000 (U.S. Department of Agriculture, Natural Resources 
Conservanon Service, 1997) Geographic-information-system (GIS) techmques and available digital data were used 
to perform the spatial analyses required to estimate potential runoff-contributung areas All analyses were done using 
the GRID module of the Arcinfo GIS software package. (Any use of trade, product, or firm names is for descriptive 
purposes only and does not constitute endorsement by the U S Geological Survey ) 


In thus study, digital topographic and soil data, as well as digstal land-use data, were used to esumate and compare 
potential runoff-contributing areas in Kansas. The digital data included the U.S. Department of Agriculture's 
1.24,000-scale soil data base (US. Department of Agriculture, Natural Resources Conservation Service, 1996), the 
USGS 100-m-resolution digital elevation model (DEM) (U.S. Geological Survey, 1993), and 1: 100,000-scale, land- 
cover data (Kansas Applied Remote Sensing Program, 1993). The soil and land-cover data were converted from 
polygon to grid format with a 10,000-m’ (0.01-km’) grid-ce”! size to match the resolution of the 100-m DEM. These 
three digstal data sets are sustable for comparing potential runoff among areas tens of square kilometers in size This 
statement is based on the fact that areas tens of square kilometers im size have sufficient numbers of unique 
1 24,000- scale soi] mapping units and elevation data points to compute representative mean ° alues for the purpose 
of comparing areas. Thus, m this paper emphasis is placed on a comparison of potential contributing areas both 
between and within the subbasins that ranged in size from about | 50 to 6,600 km’ 


The potential for infiltranon-excess overland flow was estimated using the | 24,000-scale soil-permeability digital 
data. A depth-weighted, mean soil permeability was used. In general, there is an inverse relation between soil 
permeability and the potential for infiltration-excess overland flow Using GIS techniques, a statewide gnd of depth- 


An equal-interval approach was used to select six threshold soil-permeability values that represent the raimfall 
intensity at which infiltration-excess overland flow may occur. 'm ¥_cxcis, soil permeability ranges from 0 to 17.6 
in’ hr. However, because about 93 percent of the State has a soil permeability of 4 0 in/hr or less, the effective range 
used in this study was 0 to 4.0 in/hr. Thus, the threshold soil-permeability values, representing very high, high, 
moderate, low, very low, and extremely low rainfall intensity (in relative terms), were set at 3.43, 2.86, 2.29, 1.71, 


1.14, and 0.57 in/hr, respectively. 


In general, lower rainfall intensities occur more frequently than higher rainfall intensities. For central Kans>s, 
Hershfield (1961) estimated that |-hour storms with rainfall intensities uf | 4 and 3 4 in/hr have recurrence intervals 
of | and SO years, respectively The higher soil-permeability thresholds imp:, « morc intense storm during which 
areas with higher soil permeatulity potentially may contribute ini Htration-excess overland flow The threshold soil- 
permeability values were used to compare subbasins on the basis of the percentage of cach subbasin with soil- 
permeability values that were less than or equal to the threshold value and thus potentially contribute imfiltration- 
excess overland flow 


The potential for saturation-excess overland flow was estimated using DEM-derived TWI digital data In general, 
there is a direct relation between TWI and thre potential for saturation-excess overland flow Derivation of the TWI 
digital data followed the approach described 'yy Wolock and McCabe (1995) Elevation differences among the grid 
cells in the DEM were compared and used to create a flow-direction grid (Jenson and Domingue, 1988) The flow- 


direction gnd was used to derive a flow-accumulation gnd by computing the number of upslope cells that drain rato 
each cel! The upslope area per unit contour length (a) for each cell in the flow-accumulation end was computed as. 


a = (number of upslope cells + 0 5) x (g-d-cell length) (i) 
Using the DEM and the flow-direction grid, the magnitude of the slope (S) was computed for each cell as 
S (change m elevation between neighboring gnd cells) / (honzontal distance between centers of neighboring grid cells) (2) 
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The resultant slope (gradient) grid then was used in combmaton wath the flow-accumulation gnd to compute T W' 
for cach cell as: 


TWI = inia/ S) (3) 
Using GIS techniques, a statewide grid of TW! data was created. 


An cqual-imterval approach was used to select six threshold TWI values that represented a range of wet-to-dry, 
because the TWI is considered a characteristic of the land surface that contributes runoff to the strearns. In Kansas, 
the TWI (with grid cells representing the streams excluded) ranges from 4.5 to 18.3. Because the TWI had a normal 
distribution, the full range of values was used im this study. Thus, the dueshold TWI values, representing very wet, 
wet, moderate, dry, very dry, and extremely dry antecedent soil-moisture cunditions, were set at 6.5, 8.4, 10.4, 12.4, 
14.4, and 16.3, respectively. The lower TWI thresholds imply wetter antecedent soil-moisture conditions during 
values were used to compare subbasins on the basis of che percentage of cach subbasin that had TWI values greater 
than or equal to the threshoid value and thus potentially contribute saturation-excess overland flow 


The combined potennal for runoff due to infiltration-excess and saturation-excess overland flows was estimated by 
merging the previously described hypothetica! environmental conditions. A very high potential-runoff condition 
was created by combining very high rainfall intensity (soil permeability less than or equal to 3.43 in/hr) with very 
wet antecedent soil-moisture (TWI greater than or equal to 6.5) conditions. A high potential-runoff condition was 
created by combining high rainfall intensity (soil permeability less than or equal to 2.86 uvhr) with wet antecedent 
soil- mousture (TWI greater than or equal to 8 4) conditions. A moderate potential-runoff condition was created by 
combining moderate rainfall intensity (soul permeability less than or equal to 2.29 in/hr) with moderate antecedent 
soil-moisture (TWI greater than or equal to 10.4) conditions. A low potential-runoff condition was created by 
combining the low rainfall intensity (soil permeability less than o: equal to 1.71 in/hr) with dry antecedent soil- 
moisture (TWI greater than or equal to 12.4) conditions. A very low potential-runoff condition was created by 
combining the very low rainfall intensity (soil permeability less than or equal to 1.14 i/hr) with very dry antecedent 
soil-moisture (TWI greater than or equal to 14.4) conditions. An extremely low potential-runoff condition was 
created by combining the extremely low rainfall intensity (soil permeability less than or equal to 0.57 in/hr) with 
extremely dry antecedent soil-moisture (TWI greater than or equal to 16.3) conditions. The combined conditions 
were used to compare subbasins on the basis of the percentage of each subbasin that potentially contributes runoff 
by one or both overland-flow processes Also, the combined conditions were used to assess the spatial distribution 
of potential contributing areas within the subbasins 


Land use was addressed in two ways. First, the land-use composition of cach subbasin was estimated as the 
percentage of each subbasin categorized as cropland, grassland, woodland, and urban land uses. This information 
may be used to quantitatively assess land-use differences between subbasins Second, for each set of environmental 
conditions, the grid cells classified as potential contributing areas were color-coded by land-use type. The resulting 
maps provide information on the spatial distribution of potential contributing areas within a subbasin as well as the 
land-use patterns within the potential contributing areas. This information may be used to help identify and 
pnontize subbasin areas for implementation of BMP's 


RESULTS 


Results of this study indicated that the sets of environmental conditions that represented higher potential-runoff 
conditions generally were not useful for the purpose of distinguishing subbasins as having relatively high, moderate. 
or low potential for runoff The inability to distinguish subbasins for the higher potential-runoff conditions was due 
to the fact that the percentage of contributing areas was in excess of 90 percent for virtually every subbasin. Thus, in 
this paper, only the results for the low, very low, and extremely low potential-runoff conditions are presented. The 
results are useful for the purpose of compar:ng potential runoff-contributing areas between and within subbasins. 
However, the results are not intended to be used for the purpose of inferring the magnitude of potential runoff 
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within a given area. Complete results for the statewide analysis are presented in Juracek (in press). In this paper, 
only the results for the Lower Arkansas River Basin in south-central Kansas are provided as an example. 


The ability to distinguish subbasins of the Lower Arkansas River Basin as having relatively high, moderate, or low 
potential for runoff was good for the low potential-runoff conditions and very good for the very low (figure 1) and 
extremely low potential-runoff conditions. Potential contributing areas for the very low potential-runoff conditions 
(soil permeability less than or equal to 1.14 in/hr, TWI greater than or equal to 14.4) ranged from 15.4 percent of 
the subbasin for Sandy and Little Sandy Creeks (subbasin 10) to 94.7 percent for Sun and Turkey Creeks (subbasin 
12). Of the 12 subbasins in the Lower Arkansas River Basin, 1 had potential contributing areas in more than 90 
percent of the subbasin, 3 had potential contributing areas in 70 to 90 percent of each subbasin, 2 had potential 
contributing areas in 50 to 70 percent of each subbasin, 2 had potential contributing areas in 30 to 50 percent of 
each subbasin, and 4 had potential contributing areas in 10 to 30 percent of each subbasin (table 1). 

















Figure 1. Potential contributing and noncontributing areas of combined infiltration- and saturation-excess overland flows for 
very low potential-runoff conditions in the Lower Arkansas River Basin, Kansas 
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Table 1. Potential contributing areas for combinea infiltration- and saturation-excess overland flows, and land use 
for selected subbasins in the Lower Arkansas River Basin, south-central Kansas 
[P, soil permeability, in inches per hour; TWI, topographic wetness index. Land-use data from Kansas Applied Remote Sensing Program (1993)) 











Potential contributing area, in 
percentage of subbasin, for sciected 
potential-runoff conditions Land use. in percentage of subbasin 
Sabbasia Lew Very low Extremely low 
sumber potential potential potential 
_ (ig!) MeanP Mean TWI runoff runoff runoff Cropland Grassland Woodland Urban 
I 14 10.8 85.9 494 33.1 69.8 29.1 0.7 0.3 
2 16 10.9 88.3 62.0 14.8 76.7 20.0 9 14 
3 19 114 89.5 $4.1 17.7 76.1 149 1.0 6.7 
. 5 10.2 100 86.0 61.9 10.9 85.3 3.2 I 
5 24 11.0 86.4 71.5 24.3 66.5 318 1.2 3 
6 2.5 10.0 748 39.1 25.3 23.2 75.5 1.0 2 
7 29 99 718 28.9 11.7 23.6 75.8 6 6 
8 5.0 iL. 60.7 25.0 99 72.7 24.5 2 
9 5 11.2 98.2 794 73.8 86.6 9.3 24 
10 34 10.6 66.0 1S4 6.5 49 546 1 
i] 29 10.9 77.3 22.3 13.7 579 37.8 3.0 0.6 
12 5 11.1 100 94.7 31.6 90.0 6.3 7 2.7 





For extremely low potential-runoff conditions (soil permeability less than or equal to 0.57 in/hr, TWI greater than or 
equal to16.3), potential contributing areas ranged from 4.5 percent of the subbasin for Sandy and Little Sandy 
Creeks (subbasin 10) to 73.8 percent for Sand and Emma Creeks (subbasin 9). Of the 12 subbasins, | had potential 
contributing areas in 70 to 90 percent of the subbasin, | had potential contributing areas in 50 to 70 percent of the 
subbasin, 2 had potential contributing areas in 30 to 50 percent of e2:h subbasin, 6 had potential contributing areas 
in 10 to 30 percent of each subbasin, and 2 had potential contributing areas in less than 10 percent of each subbasin 
(table 1). 

The subbasins were categorized as having relatively high, moderate, or low potential for runoff using the average 
percentage of contributing areas for very low and extremely low potential-runoff conditions. The very low and 
extremely low potential-runoff conditions are meaningful because they provide the best ability to distinguish 
subbasins and because the 1.14 and 0.57 in/hr rainfall intensities occur more frequently than the higher rainfall 
intensities. A subbasin was categorized as having relatively high potential for runoff if the average percentage of 
contributing areas for the very low and extremely low potential-runoff conditions was greater than 70 percent. A 
subbasin was categorized as having relatively low potential for runoff if the average percentage of contributing 
areas for the very low and extremely low potential-runoff conditions was less than 30 percent. The subbasins having 
relatively high potential for runoff (average percentage of contributing areas greater than 70 percent) are Grouse 
Creek (subbasin 4) and Sand and Emma Creeks (subbasin 9). The subbasins having relatively low potential for 
runoff (average percentage of contributing areas less than 30 percent) are Mule Creek (subbasin 7), the North Fork 
Ninnescah River upstream from Cheney Reservoir (subbasin 8), Sandy and Little Sandy Creeks (subbasin 10), and 
the South Fork Ninnescah River from confluence with North Fork Ninnescah River upstream to Kingman (subbasin 
11). The remaining subbasins have a relatively moderate potential for runoff (average percentage of contributing 
areas between 30 and 70 percent). 

The spatial distribution of potential contributing areas for very low potential-runoff conditions varies considerably 
across the Lower Arkansas River Basin (figure 1). For Bluff Creek (subbasin 1) and the South Fork Ninnescah 
River from confluence with North Fork Ninnescah River upstream to Kingman (subbasin 11), most of the potential 
contributing areas are located in the downstream half of the subbasins. For Cow Creek (subbasin 2), Cowskin Creek 
{subbasin 3), and the Medicine Lodge River and Elm Creek upstream from Medicine Lodge (subbasin 6), the 
potential contributing areas are widespread with several areas of concentration. Potential contributing areas for the 
Little Arkansas River upstream from Alta Mills (subbasin 5) are widespread and uniformly distributed with the 
notable exception of a large noncontributing area located in the downstream half of the subbasin. For Mule Creek 
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(subbasin 7), most of the potential contributing areas are located in the upstream and downstream one-thirds of the 
subbasin. Potential contributing areas for the North Fork Ninnescah River upstream from Cheney Reservoir 
(subbasin 8) are widely scattered with the exception of a large potential contributing area immediately north of 
Cheney Reservoir. Elsewhere, the potential contributing areas are widespread with a generally uniform distribution 
for Grouse Creek (subbasin 4), Sand and Emma Creeks (subbasin 9), and Sun and Turkey Creeks (subbasin 12). For 
Sandy and Little Sandy Creeks (subbasin 10), the potential contributing areas are generally sparse and widely 
scattered. 

Land use in the subbasins of the Lower Arkansas River Basin is dominated by cropland or grassland. Cropland 
ranges from 10.9 percent of the subbasin for Grouse Creek (subbasin 4) to 90.0 percent for Sun and Turkey Creeks 
(subbasin 12). Grassland ranges from 6.3 percent of the subbasin for Sun and Turkey Creeks (subbasin 12) to 85.3 
percent for Grouse Creek (subbasin 4) (table 1). The spatial pattern of land use in the potential contributing areas 
varies among the subbasins (figure 1). Throughout the Lower Arkansas River Basin and statewide, the use of 
BMP’s may be most effective at reducing runoff if implemented in the potential contributing areas where cropland 
and (or) urban land uses are widespread. 

SUMMARY AND CONCLUSIONS 


Digital topographic, soil, and land-use information was used to estimate and compare potential runoff-contributing 
areas for subbasins throughout Kansas. Potential contributing areas were estimated collectively for the processes of 
infiltration-excess and saturation-excess overland flow using a set of environmental conditions that represented very 
high, high, moderate, low, very low, and extremely low potential for runoff (in relative terms). Various rainfall- 
intensity and soil-permeability values were used to represent the threshold conditions at which infiltration-excess 
overland flow may occur. Antecedent soil-moisture conditions and a topographic wetness index (TW1) were used to 
represent the threshold conditions at which saturation-excess overland flow may occur. 


Statewide results indicated that nearly all subbasins had a large percentage of potential runoff-contributing areas for 
the low to very high potential-runoff conditions. Thus, the ability to distinguish subbasins as having relatively high, 
moderate, or low potential for runoff for those conditions was very limited. The best statewide ability to 
quantitatively distinguish subbasins as having relatively high, moderate, or low potential for runoff, on the basis of 
the percentage of potential runoff-contributing areas within each subbasin, was provided by the very low potential- 
runoff conditions (soil permeability less than or equal to 1.14 inches per hour and TWI greater than or equal to 
14.4). The best ability to qualitatively compare potential for runoff among areas within individual subbasins was 
provided by the very low and (or) extremely low potential-runoff conditions (soil permeability less than or equal to 
0.57 inch per hour and TWI greater than or equal to 16.3). These results are evident in the example provided by the 
The ability to distinguish subbasins, as well as areas within subbasins, as having relatively high, moderate, or low 
potential for runoff was mostly due to the variability of soil permeability across the State. Because of this 
variability, the percentage of potential contributing areas for infiltration-excess overland flow varied considerably 
among the subbasins, especially for the very low potential-runoff conditions. In contrast, the topographic wetness 
index had a more spatially consistent distribution that typically followed the drainage networks within the 
subbasins. Because of this uniformity, the relative differences among subbasins in the percentage of potential 
contributing areas for saturation-excess overland flow remained typically small across the range of potential-runoff 
conditions despite substantial within-subbasin differences as the potential contributing areas expanded or contracted 
in response to changing conditions. 

Together, the potential contributing areas for infiltration-excess and saturation-excess overland flows provide an 
understanding of how the spatial distribution of such areas may change in response to changes in environmental 
conditions. Under low potertial-runoff conditions characterized by low antecedent soil moisture and low rainfall 
intensity, potential contributing areas for infiltration-excess and saturation-excess overland flows are limited to areas 
of lower soil permeability and saturated areas adjacent to rivers and streams, respectively. As antecedent soil 
moisture and rainfall intensity increase, the spatial distribution of the potential contributing areas for both 
infiltration-excess and saturation-excess overland flows increases. Under high potential-runoff conditions 
characterized by high antecedent soil moisture and high rainfall intensity, the distinction between infiltration-excess 
and saturation-excess overland flow becomes less meaningful as the ground becomes increasingly saturated and the 
potential contributing areas for beth runoff processes coalesce. 
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In general, subbasins in eastern Kansas have higher potential for runoff than subbasins in western Kansas for the 
very low potential-runoff conditions. In eastern Kansas soil permeability generally is less, and precipitation 
typically is greater. The spatial distribution of potential contributing areas within the individual subbasins showed 
considerable variability, as is apparent in the Lower Arkansas River Basin. In many subbasins, the flood plains were 
determined to be mostly noncontributing areas for overland flow due to relatively high soil permeability. However, 
such areas may still represent a risk to in-stream water quality as contaminants may reach the streams through 
subsurface flow. 
Land use in Kansas is predominantly cropland and grassland. The spatial pattern of land use varies regionally as 
well as between and within the subbasins. Poteutial runoff-contributing areas with high percentages of cropland and 
(or) urban land uses would be expected to have higher potential for runoff compared to similar areas with high 
percentages of grassland and (or) woodland. Implementation of BMP’s in potential runoff-contributing areas with 
high percentages of cropland and (or) urban land uses is likely to be more effective at reducing runoff compared to 
similar areas with high percentages of grassland and (or) woodland. The spatial distribution of potential contributing 
areas, in combination with the superimposed land-use patterns, may be used to help identify and prioritize subbasin 
areas for the implementation of BMP’s to reduce runoff and meet Federally mandated TMDL requirements. 
This study had some limitations. The potential runoff-contributing areas that were determined may over or under 
estimate actual contributing areas for a particular location and precipitation event. A variety of factors may account 
for differences between potential and actual contributing areas including vegetation (type and density), soil 
compaction, impervious surfaces, BMP’s, and climatic variability. Such factors were not addressed in this study. 
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AN INNOVATIVE DEVICE FOR STREAM BEDLOAD SEDIMENT REMOVAL AND 
MEASUREMENT 


By P. J. KAILING, Sales Manager, Streamside Systems Inc., Big Rapids, Michigan; 
R. L. TUCKER, Founder & President, Streamside Systems Inc., Findlay, Ohio 


Contact: Peter J. Kailing, jkailing@tucker-usa.com or http://www.streamsidesystems.com 
Phone (231) 592-0417 





Abstract 





Streamside Systems, Inc. has recently patented an innovative stream sediment removal device. 
This new technology consists of a stainless steel “box” with a ramped front, and slot opening on 
top which allows the slowing particles ascending the ramp to fall into an internal hopper. Using 
a remote adjustable timer switch, the sand/sediment within the collector is periodically purged 
via suction, transporting the sand/water slurry to a contained upland site. The device is intended 
for removal of excessive stream sediments and as an instrument for accurately measuring 
bedload sediments. 


INTRODUCTION 


Excessive sedimeni.tion in many rivers and waterways of the US and the world continues to be a 
significant problem. State of the art bedload sampling and related bedload quantity estimation 
techniques are less than optimum and limit the advancement of sediment science and sediment 
management. Streamside Systems Incorporated has invented, and patented, an apparatus suitable 
for long-term, efficient removal of bedload and near-bedload stream sediments. The patented 
collector will also lend itself to scientific measurement of bedload sediments. 


DISCUSSION 


Of Device The collectors are constructed as rectangular “boxes” with the top being 
a ramped edge (Fig. 1). They are fastened to the stream bottom with spikes or rods. The force of 
the stream passing over the units cause a significant downward pressure, even more so under 
floodflow conditions, ensuring the units are secure. Bedload sediments and water pass over the 
ramped top. Slowed particles fall into a slot on top of the collector, and remain in a collection 
hopper. The collectors can be constructed of various sizes and materials. The smallest unit, the 
Series I, is made of laser cut, TIG-welded 304 series, 11 gauge stainless steel. Larger units can 
be made of stainless steel, concrete, or poured in place. 





An internal hopper, slotted pipe, and tubing system allows accumulated materials to be 
periodically pumped to an upland site. Pumping can be accomplished in several ways, using off- 
the-shelf pumps, hosing and water ejectors. There is a hinged trash rack, manually operated, 
which allows operators to clean the hopper or perform any maintenance. This rack is the only 
movable part on the collector. 
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A single Series I unit is available in a four foot or eight foot width. The ramp is available in four 
lengths (Fig. 2). They are designed to be used individually, or fastened end-to-end, providing a 
“seamless” unit of whatever desired width. The units can be equipped with a water pressure 
operated internal pinch valve. These pinch valves enable each individual unit to be purged of 
sediments one at a time. This enables a system to use a much smaller pump than would be 
needed to pump down multiple collectors in a simultaneous effort. The pump and pinch valves 
are operated by an electronic controller/sequencer which can be adjusted for each application. 
Some source of energy is needed to run the pump that periodically purges the collectors. 
Electric, gas or solar energy may be options to provide the necessary power. 


The Series II collectors capture sediments in the sanmie fashion as the Series | collectors. 
However, the Series II collector is designed to be purged with a direct drive pump, such as a 
diaphragm or “trash pump”. These collectors are intended to be used for temporary installations 
associated with construction sites or other areas with anticipated short-term excessive 


Testing The Series | collector is the result of several years of research by the inventor. 
Prototypes were tested in the Little Manistee River, Lake County, Michigan. This cold-water 
trout stream in northern Michigan suffers from excessive sand sedimentation. The current Series 
I collector reflects many refinements that have resulted in a functional, low maintenance device. 


Recent testing in the Little Manistee River yielded a 91.7% capture rate of bedload sediments 
across the 4-foot width of the collector. Table | indicates technical details. Plans are underway 
for a long-term testing installation this fall (2000), on the Pine River in northern Michigan. This 
is a high quality trout stream, also suffering from excessive bedload sedimentation. We are also 
working with the University of Michigan Hydraulics Laboratory to model stream conditions and 
collector efficiency in a lab setting. Additional testing results will be available at the conference. 


The system lends itself as a “portable sandtrap” or as a “portable weir”, spanning an entire 
stream cross-section. To date, we have not tested the system as a multiple-collector installation 
spanning an entire stream. It is anticipated the heavily built collectors will provide years of 
trouble-free performance. Given the wide variability of stream hydrology, water quality and 
sediment qualities, it is difficult to anticipate testing challenges without site specific in-stream 
data. For example, in northern climates operation of the sediment collectors in the winter months 
may be a challenge, but not impossible. Having a functional sediment disposal site and avoiding 
freezing of disposal lines are the two largest concerns with a winter installation. In warmer 
months, the collector system operates very quietly with little maintenance. 


Our collectors provide an elegant, non-intrusive means of sediment removal. The units are 
streamlined when installed, and pose little hazard to people or aquatic organisms in the stream. 
Organic debris in suspension or at the bedload level tends to pass over the collection slot, 
providing for collection of relatively clean sediments. Sediments typically migrate up the ramp 
in dune or ray formations, finally reaching the collection slot and pour inside. 


More testing of the collectors over a variety of geographical locations will eventually enable us 
to design software which will allow potential users to spell out parameters such as strearn flow 
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rates, particle size and density, etc. and enable us to custom design a collector system. This 
could even include targeting certain size materials and allowing desirable sized materials to pass 
over the collector. For example, screening the collection slot would allow gravel-sized materials 
to pass by during a major storm event, yet allow finer grained material to be collected. 


We have calculated that removing approximately 1,000 cubic yards of material annually, for a 
total of 5,000 cubic yards over 5 years costs less than .5O0 cents/cubic yard. This estimate 
includes costs for a three-collector installation, including all materials, design, electricity and 
maintenance. For any quantities over a few hundred cubic yards annually, this system is much 
less expensive than traditional dredging. Long-term placement for very large quantities of sand 
may be problematic for larger installations. We have several dewatering options available, 
including screening filters and storage hoppers that help address sediment management. 


Appiications Applications at the present time fall into two general categories. One category is 
the removal of commercial quantities of excessive sediments from rivers and streams. Specific 
applications include removal of excessive sediments to improve spawning habitat of salmon and 
trout rivers, maintaining navigation channels, temporary use during stream restoration projects, 
channel construction or dam removal. Improvement of water quality by capturing non-point 
source sedimentation, via stormwater discharges, county drains, or active construction sites are 
other applications. The collectors can be thought of as “portable sandtraps”; or “portable weirs”. 
One potential client inquired about the possibility of spanning the Hudson River with a series of 
large collectors to capture contaminated sediments. There are many variations of this theme, 
including industrial applications. 





The other main category includes the use of the collectors as scientific tools for measuring 
bedload sediments and calibrating other existing samoling equipment. The efficient nature of the 
collector lends itself to detailed point sampling techniques. We at Streamside Systems are not 
sediment engineers, however, and welcome ..put from all interested parties regarding 
applications for scientific purposes. As a private company originator of the collectors, we have 
the flexibility, willingness and technological skills to continue innovation in this field. 


CONCLUSION 


Streamside System’s patented collectors represent a new, innovative technology, using simple 
physical principles to capture bedload sediments. There are many applications that will yield 
improved water quality and stream ecosystem improvements. For scientific purposes, the 
collectors can be used to make weirs across entire stream cross sections for the purpose of 
measuring bedload transport. They have the possibility to be used as calibration devices for the 
wide range of existing bedload sampling tools. 
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providing seamless “one-piece” www Streamsidesystems.com 
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Figure 2 

Sizine a Custom Collector 
The Collectors hopper capacity The Collectors height needs 
determines the frequency that the to be at least 20% of the 
collector needs to be suctioned stream's depth. 
down. © Size! height is 7” 
© Size | capacity is 3 cu/ft © Size 2 height is 14” 
© Size2 capacity is 6 cu/ft © Size 3 height is 21” 
e Size3 capacity is 9 cu/ft © Size 4 height is 28” 
© Size 4 capacity is 12 cu/ft _ 
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The Collectors downstream 
length is in relationship to the 
stream’s velocity 

Size | length is 32” 
Size 2 length is 48” 

Size 3 length is 60” 

Size 4 length is 72” 




















The Collectors discharge piping 
Is sized to allow rapid suctioning 


Size | main suction is 2” 
Size 2 main suction is 2.5” 
Size 3 main suction is 3” 
Size 4 maim suction is 4” 
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Table 1 
IN-STREAM TEST RESULTS using STREAMSIDE SYSTEM'S patented sediment collector 








Litde Manistee River, Lake County, Michigan, June 2000 








(Samples were collected dunng normal summer flows using 2 Helly-Smith Bedioad Sampler “Before” saipies were collected 
immediately in front of the collector siot, and “after” samples were collected immediately below. or downstream, of the collector 


stot Collecton time was one munute for all samples Samples were oven dred and weighed to the nearst 100% gram using a 
Denver Mode! 400 XE series digital scale Sand varied from fine to coarse ) 
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CONTAMINANTS ASSOCIATED WITH SUSPENDED SEDIMENT 
IN URBAN STREAMS IN AUSTIN, TEXAS 


B. J. Mahler, Hydrologist; P. C. VanMetre, Hydrologist; and J. T. Wilson, Hydrolegist 
U.S. Geological Survey, Austin, Texas 


Abstract: Hydrophobx contamunants are frequently detected in bed sediments of urban water bodies, sometimes at 
concentrations posing a threat to aquatic bioia, yet are rarely detected m whole-watcr samples of storm water from 
urban creeks. How, then, are these contaminants transported into receiving urban water bodies’ This paper (!) 
describes a method for the isolation and direct chemucal analysts of suspended sediments m storm water, and (2) 
presents the results of a study of hydrophobic contaminants associated with suspended sediment im storm water from 
four urban creeks in Austin, Texas. At cach creck site, discrete whole-water samples were collected with an automated 
sampler over the hydrograph and combined into a flow-weighted composite sample. The flow-weighted composites 
were filtered, and the sediments obtained were analyzed for concentrations of tace elements, organochlorine 
compounds, and polycyclic aromatic hydrocarbons (PAHs) These concentrations, the discharge data, and the 
watershed area for cach of the creeks were used to compute the load and yield for each storm. The contarmunants of 
concern in the receiving water body——1n particular chlordane, DDT, and PAHs—-were also present m the storm-water 
suspended sediments. The presence of elevated concentrations of DDT (at concentrations equal to or greater than that 
of its metabolites DDE and DDD) and chlordane im storm water from several of the crecks suggests that these two 
organochlorine pesticides are still in use im the Austin area. Although the manufacture and sale of these organochlorine 
pesticides was banned in 1974 and 1988, respectively, use of existing stocks on private property is still allowed. 





A major fraction of hydrophobic contaminants (HCs) 1s transported in association with suspended sediment (Bradford 
and Horowitz, 1982; Garbarino and others, 1995, Rostad and others, 1995). HCs are often detected im high 
concentrations in the receiving water bodies of urban streams (Van Metre and Callender, 1997; Van Metre and others, 
2000), yet they often are not detected in whole-water samples from these urban streams. As a result, city agencies may 
lack the information needed to determine occurrence, source, loads, and yields of HCs, making it difficult to evaluate 
the effectiveness of zoning and/or policies for pollution prevention. 


Many HCs have serious environmental consequences—of the top 20 ccatamine ats on the Agency for Toxic Substances 
and Disease Registry (ATSDR)U_S. Environmental Protection Agency list of top-pnority environmental contaminants 
(ATSDR, 1999), 15 are HCs. These 15 include trace elements such as lead and cadmium; organochlorine compounds, 
such as chlordane and DDT; and polycyclic aromatic hydrocarbons (PAHs), such as benzola}pyrene and 
dibenz{a,hjanthracene. Many HCs are carcinogenic or mutagenic. Sediment quality guidelines (SQGs) for evaluating 
whether concentrations of HCs im sediment may adversely affect aquatic biota have been adopted by Environment 
Canada (1995). 


Although the mmportance of suspended sedirnents in the transport of HCs is widely recognized, suspended- sediment 
chemistry is not measured routinely. For example, the U.S. Geological Survey (USGS) National Water-Quality 
Assessment (NAWQA) program does not include routine suspended-sediment sampling (Gilhom and others, 1995). 
The USGS National Stream-Accounting Network (NASQAN II) program collected suspended-sediment samples for 
analysis of mayor and trace elements at selected sites in large rivers but does not analyze for organic Compounds 
(Hooper and others, 1997). 


The conventional way to determine the concentration of HCs on suspended sediment 1s to compare analyses of a whole. 
water sample and a filtered water sample, but this approach usually provides an incomplete picture of water quality 
This 1s because HCs are not often detected in whole-water samples. Benzo(a)pyrene, for example, was not detected in 
any of 100 storm-event samples in residential sites in the Dallas-Fort Worth area and was detected mm less than § percent 
of samples from commercial and industrial sites (Raines and others, 1997) Yet concentrations of benzo(a)pyrene have 
increased 20-fold im the Dallas-Fort Worth metropolitan area, comcident with urban development, based on an age- 
dated sediment core from White Rock Lake im Dallas (Van Metre and others, 2000). Similarly, lead was detected in 
only 30 of 120 samples collected from 1972 to 1996 in the Trinity River below Dallas (Jones and others, 1997), 
suggesting inftoquent occurrence, however, over this same time period a dramatic trend in lead concentrations in 
sediment was revealed in the sediment core (Van Metre and Callender, 1997). The reason for this can be explained 
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with a sumple illustranon If, for example, a sample contains $0 mulligrams per ister (mg/L) of suspended sediment, and 
the sediment contains 300 mucrograms per kilogram (g/kg) of PCB (a concentration likely to adversely affect biota 
health (Environment Canada, 1995 )), the concentranon of PCB mm the whole-water sample will be 0.015 mucrograms 
per iter (ug/L). Ths concentration is well below most laboratory method detection limits (for example, the USGS 
National Water Quaaty Laboratory (NWQL) method detection limit is 0.1 pg/L). 


A better approach to determuning the concentranon of HCs on suspended sediments 1s to separate the sediment from the 
water column and analyze st directly This paper presents a method for the routine collection of suspended sediments 
for chemoca! analysis of orgamsc and morgani constutuents The method allows for analysis of both morganix and 
organic Contamunants, uses equipment which 1s portabie and relatively nexpensive, and can be used esther im the field 
or in the laboratory. This method is currently being used by the U.S. Geological Survey in cooperation with the City of 
Austin for the routine monstoring of urban streams 


An important consideration in suspended sediment sampling 1s the mass of sediment required to achieve reasonable 
PAHs. 


spectrometry (ICP-MS), concentrations of mercury are determined by cold-vapor atomic adsorption (CVAA) (Fishman 
and Fnedman, 1989) Analysis of all constituents by these methods requires about 300 mulligrams (mg) of sediment. 


Organochlonine compounds and PAHs are measured in organic-solvent extracts using a dual capillary-column gas 
chromatograph with dual electron capture detector The method uses a soxhiet extraction with dichloromethane and 
methanol followed by permeation and adsorption chromatographic fraction The extraction and clean-up procedures 
follow Foreman and others (1994) and Furlong and others (1995) Organochlorine compounds are quantified following 
the procedures of Wershaw and others (1987) and PAHs are quantified by selected ion monitoring (SIM) (E.T. Furlong, 
oral commun , 2060) Determining concentrations of individual PAHs and most organochlorine compounds at 
detection levels ranging from | to 10 g/kg requires 2 to S$ grams (g) of sediment. Smaller masses of sediment result in 


The method described here involves separation of water by direct filtration Depending on the concentration of 
suspended sediment in the water, water is collected in esther 2 commercially-available 2U%-liter (L) plastic drum with a 
removable PTFE liner or in 9-L polyethylene carboys loaded into an automated sampler F or extremely low suspended 
sediment concentrations, if a point sample 1s adequate and streamflow 1s not changing raps diy, the filtration can be 
carned out in the field. This approach wi'l have the effect of integrating short-term variations im sediment chemistry 
over the sampling penod In both cases, sand-size and larger particles are trapped with a polyester mesh before sample 
processing 


To obtain sufficient sample for analysis of organochlorine compounds and PAHs, water 1s pumped through a 298- 
mullimeter (mm) diameter, 0 7-macrometer (jum) pore-size glass-fiber filter held in a stainless-steel! plate filter holder 
The filters are pre-cleaned by baking and wrapped in aluminum foil pending use Water 1s purnped through the filter 
until tt clogs, once the filter has clogged, air 1s pumped through the filter to remove as much water as possible — drying 
the filter in this way improves laboratory minimum reporting levels by decreasing interference during the analysis The 
volume of water pumped 1s recorded, and samples for total suspended solids (TSS) concentrations are collected before 
and after sample processing Expernence suggests that from about 0 5 to 2 g of sediment is trapped on each filter, so 
that 2 to 3 clogged filters are sufficient for analysis. The filters are placed (together) in a baked glass jar and chilled for 
shipment to the laboratory The reported concentrations (in mass of organic contaminant per liter of water filtered) are 
converted to mass of organic contaminant per mass of sediment based on the TSS of the original sample 


To obtain sufficient sample for trace clement analysis, water 1s pumped through a PTFE filter held un an acrylic filter 
holder. A 145-mm diameter, 0 45-jum pore-size PTFE filter is sprayed lightly with methanol to allow water to pass 
through Once clogged, the filter 1s placed in a sealable plastic bag with a few mulliliters of distilled water and 
massaged until all the sediment has been removed from the filter and 1s suspended in the smal! volume of water More 
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than 98 percent of the mstial suspended sediment can be recovered. The sediment 1s freeze-dned pnor to analysis. 
From 0.1 to 0.5 mg of sediment can be recovered from a single filter, depending on the organic matter and algal content 
of the water. Results are reported as mass of clement per mass of sediment. This approach is similar to that reported by 
Kimball and cthers (1995). 


CASE STUDY: URBAN STREAMS IN AUSTIN, TEXAS 


Large-volume suspended sediment sampling (L VSSS) 1s being used m Austin to determine the contnibuton of 
sediment-associated HCs from two urban creeks to Town Lake, the receiving water body. Chiordane and DDT are 
among the HCs that have been detected repeatedly in Town Lake surficial sediments (Gandara and others, 1995). High 
levels of chlordane im fish from the lake resulted in a fish consumption advisory umposed by the Texas Department of 
Health (1996) which was lifted m 2000. A sediment core from Town Lake revealed increasing trends in concentrations 
of chlordane and PAHs (Van Metre and Mahler, 1999). Much of the sediment entering the lake onginates from Shoal 
Creek and Barton Creek. The entire Shoal Creek watershed and the lower part of the Barton Creek watershed are 
urbanized After heavy rainfall, discharge from these creeks may exceed 1,000 cubic feet per second (ft’/s) and 
suspended sediment concentrations can be as large as several thousand milligrams per liter. The USGS, in cooperation 
with the City of Austin, began using LVSSS in 1999 on one downstream site on Shoal Creek, two sites—one upstream 
and one downstream—on Barton Creek, and one site Boggy Creek, an urban creck discharging just downstream of 
Town Lake (Figure 1). Automatic samplers programmed to collect seven 9-L samples at specified intervals after the 
mutial mse in stage have becn installed at the four sites. The seven samples are combined to make a flow-weighted 
composite for each site, from which the suspended sediment 1s separated for analysis. The watershed area upstream of 
each of the samplers, the dates of the events sampled, the total sediment load for each event, and the peak flow for each 
event are given in Table 1. 





Isnos! Creek 
Boggy Creek 














Table 1. Characteristics of sampling sites and events. 
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Figure 1. Location of sampling sites. 
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Results and Discussion: Contaminant concentrations, loads for the individual storm events sampled, and yields for 
the watershed are shown in Tables 2-4. Also shown are the Environment Canada Interim Sediment Quality 
Guidelines (ISQGs—the concentration below which no adverse effects to biota are likely to be seen) and the 
Probable Effects Levels (PELs—the concentration above which adverse effects to biota are likely to be seen) for 
comparison (Environment Canada, 1995). 


DDT and its metabolites, p,p’-DDD and p,p’-DDE, were detected in one or more samples from all of the sites except 
the upstream Barton Creek site (Table 2). DDT has been banned from use since 1972. It readily metabolizes to 
DDE and DDD, and, when detected at all in surficial soils, is generally found at much lower concentrations than its 
metabolites (Van Metre and Callender, 1997), although in very rare cases soils have been found that have an 
unusually low capacity to degrade DDT (Hitch and Day, 1992). However, when DDT was detected in this study, it 
was found at concentrations of the same order of magnitude or exceeding that of its metabolites. This suggests that 
parent DDT may still be in use in the Austin area. DDT and DDE were detected at concentrations exceeding the 
Canadian PEL SQG in at least one sample at all sites except upstream Barton Creek, indicating a risk to aquatic 
biota from these sediments. In Boggy Creek, DDD was detected in one sample at concentrations almost 6 times the 
PEL. 
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Table 2. Concentrations of organochiorine pesticides in suspended sediments. 


Chlordane, banned in 1988, was also detected in one or more samples from all sites except the upstream Barton Creek 
site (Table 2). Concentrations in two or more samples from each of these three sites exceeded the Canadian PEL SQG. 
The multiple detections of chlordane, along with increasing chlordane concentrations in the Town Lake core, indicate 
that chlordane also may still be in use. A 1990 nationwide survey of pesticide use indicated that continued use of 
existing stocks in the possession of home owners was substantial, rivaling early 1970s agricultural use (Whitmore and 
others, 1992). 


PCBs, banned in 1979, were detected at the Shoal and Boggy Creek sites (Table 3). Concentrations did not exceed the 
PEL SQG in any samples. 


Concentrations of PAHs were sumular at the three urbanized sites, but were 2 orders of magnitude lower at the upstream 
Barton Creek site. PAHs are largely a product of the incomplete combustion of petroleum, oil, coal, and wood. A 
recent survey of PAH trends ‘© sediment cores in lakes and reservoirs across the country indicates that increases in FAH 
concentrations track closely with increases in vehicle use (Van Metre and others, 2000). PAHs represent the largest 
class of suspected carcinogens (Bjérseth and Ramdahl, 1985). Total PAHs exceeded the PEL SQG in one sample, the 
downstream Barton Creek site, and concentrations of benz[a)anthracene and benzo[a}pyrene exceeded the PEL SQG in 
samples from the Shoal Creek site and the downstream Barton Creek site 
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Table 3. Concentrations of PCBs and PAHs in suspended sediments. Total PCBs were calculated as 
the sum of Arociors 1242, 1254, and 1260. Total PAHs were calculated as the sum of 19 parent 
PAHs, 10 specfic alkyl-PAHs, and the homologous series of alkyl-PAHs, excluding perylene. (* 
Canadian SQGs not available; analogous SQGs taken from MacDonald and others (2000)). 
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Table 4. Concentrations of four trace elements in suspended sediments. 


In contrast to the organic HCs, trace element concentrations were fairly similar from site to site (Table 4). Trace 
element concentrations tended to be slightly lower at the unurbanized site (upstream Barton Creek), but not enough data 
were available to test if this difference was statistically significant. On the basis of comparison to the SQGs, trace 
element concentrations from these urban creeks appear to present \ess a threat to aquatic health than orgasaic HCs, with 
the exception of cadmium and zinc at the downstream Barton Creek site. These results are consistent with the trace 
element concentrations in the Town Lake core, in which trace elements had a much lower toxicity index than 
organochlorine compounds and PAHs (Van Metre and Mahler, 1999). 


The results from the LVSSS are not only consistent with the results from the Town Lake sediment core, they help 
elucidate possible sources of contaminants. Clearly banned contaminants such as chlordane and DDT are stil! entering 
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some cases are actually higher at downstream Barton Creek, for the limited number of rain events presented here the 
overall load delivered to Town Lake by Shoal Creek exceeds that delivered by Barton Creek. Additional sampling 
events will be necessary before this result can be generalized. 


The LVSSS method is successful at detecting HCs, particularly organic HCs, which would otherwise go undetected by 
the standard approach of analyzing a whole-water sample. Converting mass contaminant per mass suspended sediment 
to mass contaminant per liter of water shows that chlordane, PCBs, benz[{aJanthracene, and benzo[a}pyrene would have 
gone undetected in whole-water samples from all sites, on the basis of minimum reporting levels of the NWQL (0.1, 
0.1, 2.4, and 2.8 g/L for chlordane, PCBs, benz{a}anthracene, and benzo[a}pyrene, respectively). Detection limits for 
DDT and its metabolites DDD and DDE in whole-water samples are two orders of magnitude lower than for the other 
compounds (NWQL minimum reporting levels of 0.002, 0.002, and 0.001 for DDT, DDD, and DDE respectively); 
consequently all seven of the Boggy Creek occurrences would have been detected, but only two of the eight 
occurrences in Shoal Creek and one of the four occurrences in the downstream Barton Creek site would have been 
detected. 


CONCLUSION 


The difficulties of detecting HCs in whole-water samples can be overcome by the separation and analysis of the 
suspended sediment in the water column. Use of filters of the appropriate size and material and filtration of large 
volumes of water allow efficient removal of sufficient sediment for laboratory analysis of trace elements and organic 
contaminants. By separating the solids and analyzing them directly, HCs that might have escaped detection in a whole- 
water sample may be detected, sometimes at concentrations sufficiently high to present a threat to the health of aquatic 
biota. A case study in Austin, Texas, revealed that occurrence of HCs on suspended sediments in urban creeks were 
consistent with thc se found in a sediment core from the receiving water body. By better elucidating occurrence and 
concentration of HCs in storm water from urban creeks, this approach promises to improve understanding of sources of 
HCs and transport processes affecting their occurrence in receiving water bodies. 
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EVALUATION OF SEDIMENT TRANSPORT DATA FOR CLEAN SEDIMENT TMDLs 


Roger A. Kuhnie, Research Hydraulic Engineer, Andrew Simon, Research Geologist, 
National Sedimentation Laboratory, USDA-Agricultural Research Service, Oxford, MS 


Abstract: Excess sediment has been identified as a major cause of water quality impairments in 
U.S. streams. Scientifically-based techniques are needed for the development of Total Maximum 
Daily Loads (TMDLs) for clean sediment. A methodology is presented in this study to allow 
Problem Identification and Development of Numeric Targets for the development of TMDLs for 
clean sediment. Methods to study the link between the amount of excess sediment and the 


impact on the designated use are also presented. 
INTRODUCTION 


Excessive erosion, transport, and deposition of sediment in surface waters is a mayor problem in 
the United States. The 1996 National Water Quality Inventory (Section 305(b) Report to 
Congress) indicates sediments are ranked as a leading cause of water quality impairment of 
assessed rivers and lakes. A national strategy is needed to develop scientifically defensible 
procedures to facilitate the development of Total Maximum Daily Loads (TMDL) for clean 
sediment in streams and rivers of the United States. Clean sediment is defined here as sediment 
that is not contaminated by chemical substances. Pollution caused by clean sediment refers to 
the quantity of sediment, as opposed to the presence of pollutant-contaminated sediment 
(USEPA, 1999). The US Environmental Protection Agency has defined a seven-step procedure 
for the development of clean sediment TMDLs in impacted waterbodies (USEPA, 1999, Fig. 1- 
2). This study will present a methodology to define the first two steps of the TMDL process for 
clean sediments: Problem Identification, and Development of Numeric Targets. This 
methodology defines impaired and stable reference conditions in terms of the stage of channel 
evolution (Simon, 1989a) by relating these stages to sediment-transport ratings in different 
physiographic provinces of the country. Procedures for defining the link between impaired and 
designated uses of a stream and the level of excess sediment are also developed. 





DEVELOPMENT OF A SEDIMENT TRANSPORT EVALUATION METHODOLOGY 
Classification and Stage of Channel Evolution 


A description of the form of the channel in question is important information to allow 
comparisons of different sites. For this purpose we used the classification scheme of Rosgen 
(1996). The channel sinuosity, entrenchment ratio, channel slope, and sediment pa~*‘* ~'7e of 
the boundary are used by the Rosgen technique to classify the stream. Different prinia., 
variables than those used by Rosgen (1996) are needed to relate the channel to the likelihood that 
it may be impaired by excess sediment. A process-based classification scheme (Simon and 
Hupp, 1986; Simon, 1989a) relying on six stages of channel evolution was chosen for this 
purpose. The working hypothesis for using this scheme is that sediment transport rates will vary 
systematically by stage of channel evolution because stage of evolution is a surrogate for 
dominant channel processes and the relative stability of the channel boundary. Changes in 
sediment discharge which occur following disturbance to channel systems were related to the six 
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Fig. 2- Variation in suspended-sediment transport efficiency during the course of channel 
evolution (Simon, 1989b). 
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Stages in a study of 14 sites on streams in West Tennessee. The six stages of channel evolution 
are shown schematicaily in Figure 1. Data from the West Tennessee streams have shown that 
slopes of suspended-sediment rating curves increase from stage I to stage IV, and then decrease 
in stages V and VI, but not to the levels of stage I (Fig. 2, Simon, 1989b). 


Landscape Index 


Determining the stage of channel evolution gives a useful indicator of the state of the channel 
and its banks. However, additional information is required on the state of the rest of the 
watershed land surface to fully determine the capability of the system to produce and transport 
sediment. The effect of land use change on sediment yield to the channels of a 21.3 km’ mixed- 
land-use watershed in northern Mississippi has been documented by Kuhnle et al. (1996). 
Decreases in the percentage of *ad in cultivated crops were found to be related to decreases in 
the sedimerit reaching the streams. To incorporate the effect of the state of the watershed on 
sediment yield, a landscape index will be developed to reflect the influence of meteorological 
variables, physical characteristics of the land surface, and the type of land cover. This index is 
currently under development and will be refined with data from watersheds, which include 
information on the landscape and sediment transport. 





Comparison of Different Size Streams. 





To compare a given stream to a standard or reference stream, a method to scale the flow and 
sediment transport is needed. The flow discharge with a return period of | to 2 years (often 
associated with bankfull flow) has been shown to move the most sediment for many streams (c.g. 
Andrews and Nankervis, 1995; Kuhnle et al., 1999). Thus, bankfull flow (recurrence interval 1-2 
years) will be used (similar to Troendle, 2000, written communication) to scale the flow and 
allow comparisons of streams of different flow discharges. Sediment transport will be expressed 
as a concentration (mg/l) or as mass per time per unit width. These units represent the sediment 
carried by a unit portion of the flow and allow comparisons of streams of different sizes. 
Examples of non-scaled and scaled rating curves for two sites in Mississippi and two sites in 
Washington are shown in Figure 3. Sediment concentration at bankfull flow and the slopes of 
the sediment rating curves are shown for the four sites, each with a different-sized drainage area 
in Figure 3b. Sediment rating curves from streams of different size may, therefore, be compared 
using the slope of the relation and the sediment concentration at bankfull flow (Fig. 3b). 


Determination of Reference Conditions 





The reference condition may be defined as the amount of sediment for a given flow that a stable 
non-impacted stream would produce. The level of sediment transport from a reference site is 
often used as a target or goal for an impacted stream of a similar type. In this study, reference 
conditions will be considered along with the stage of channel evolution. Channels that are in 
stages II], 1V, or V are in various states of disequilibrium, are inherently unstable and, therefore, 
do 1,0t have a stable or reference analogue. Channels in stages | or Vi have either suffered 
minimal disturbance and remained stable, or are close to becoming re-stabilized after a 
disturbance, respectively. Assuming that stages | and VI are stable, the expected range of 
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Fig. 3.. Sediment transport rating curves for sites from Mississippi (Goodwin 2 and 5) and from 
Washington (Kid Valley and Tower Road, Toutle River): (A) concentration versus flow 
discharge, and (B) concentration versus the ratio of flow discharge to bankfull flow. 
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sediment movement that is associated with streams in these two phases of evolution could serve 
as references for streams that have been impacted by excess sediment. Stage VI conditions. 
which represent re-stabilized streams, in many cases may serve as a more realistic reference for 
which to target rehabilitation of highly impacted streams. 


RECOMMENDATIONS FOR DETECTING DEPARTURE 


Our recommendation for detecting departure from stable conditions of a channel can be 
summarized as follows: 1) Classify the strearn using the classification of Rosgen (1996), 2) 
Determine the stage of channel evolution of the streain (Simon, 1989a); 3) Collect information 
from the watershed and calculate a landscape index. 4)Use the stage of channel evolution and 
landscape index to determine the likelihood that the stream is departing from a stable condition. 
The third and fourth steps in this proces’ are still experimental and need to be verified. The 
slopes of the sedimeni relations and te sediment concentration at bankfull flow for the four sites 
shown in Figure 3b support the hypothesis of the relation between stage of channel evojution and 
sediment transport. That is Tower Road and Kid Valley (both stage IV) have higher slopes and 
greater sediment concentrations ai bank full than the two sites from Goodwin Creek which were 
both stage V's (F . ‘unle and Simon, 2000). The hypothesis that stages III, [V and V will show 
significantly higher sediment concentrations for a given flow than reference streams (stages | or 
V1) needs to be verified for streams in other physiographic provinces and climatic regions of the 
country, however. The landscape index and its relation to sediment yield also need to he 
established. Testing of the relation between the stage of evolution, the landscape index, and the 
transport of sediment for the different physiographic provinces of the country would provide 
information regarding the generality of this technique. 


THE MISSING LINK: DEPARTURE VERSUS DESIGNATED USE 


The determination that a given stream has a significantly higher rate of sediment transport than a 
corresponding stable reference stream is one facet of the TMDL problem. Another distinct 
problem is determining the link between excess sediment and a measurable impairment to the 
designated use of the stream. When the designated or existing use of a stream is defined as the 
aquatic life, the link between excess sediment and a measurabie impairment to the biota needs to 
be established. Except for a few exceptions, such as for salmonid fish, very little information as 
to the levels of sediment that are harmful to the biota of a stream is avaiable. In a related project 
at the USDA-ARS National Sedimentation Laboratory involving several researchers, an initial 
inquiry into the effect of sediment on the biota in streams is in progress. This study will initially 
concentrate cn thirteen sites located on the Demonstration Erosion Conirol Watersheds (DEC) in 
northem Mississippi. These sites currently have data bases of flow, sediment transport, and 
biological indicators. Geomorphic assessmenis, landscape data, and additional biological data 
will be collected at these thirteen sites and added io the data base. The links among the 
geomorphic data, landscape index, sediment and biological data will be derived for these 13 
sites. This will be the first study to our knowledge where these links have been explored in 
warm-water coastal plain sireams. This type of study is also needed for other physiographic 
provinces of the nation. 
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Fig. 4.- Fraction of time equaled or exceeded for suspended-sediment concentration, Goodwin 
Creek station 2. 
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Fig. 5. -Fraction of time equaled or exceeded for relative bed shear stress (ratio of bed shear stress 
to critical shear stress for motion of the bed material). 
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Fig. 6.- Duration of suspended sediment at or above 4118 mg/l as a function of recurrence 
interval. The concentration 4118 mg/l corresponds to the predicted sediment concentration at 
bankfull flow (1.1-year recurrence interval). 
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To make the comparison between sediment and biological impairment, information on the 
concentration of suspended sediment as well as on the duration and frequency of a given 
sediment concentration is required. Information of a similar type is also required to assess the 
stability or movement of the bed material sedi-nent (substrate) of the study sites. Methods to 
calculate concentration, duration, and frequer« y of sediment movement ucing flow and sediment 
sampling data have been developed. The sediment and flow data from Goodwin Creek station 2 
have been used as an example to illustrate thse sediment parameters. The fraction of time that 
the sediment concentration in the water column is equal to or above a given value has been 
calculated (Fig. 4). Similarly, the fraction of time the bed material of the stream is in motion was 
calculated (Fig 5). The type of information in Figures 4 and 5 will be used with Goodwin Creek 
and other DEC sites to determine the ranges of shear stress and/or suspended sediment 
concentration that will adversely affect the biota. Information on the duration and frequency of 
the sediment movement events is also needed. Organisms may be able to survive a given 
concentration of sediment for a limited time without negative effects. Figure 6 contains 
information on the expected continuous duration of a given sediment concentration or higher 


duration for the shear stress above 27 Pa is contained in Figure 7. The information on the 
fraction of time, duration, and recurrence interval, of sediment concentration and bed shear stress 
will be combined with biological data collected at the thirteen DEC sites. In addition to this field 
study, laboratory experiments on the toxicity of sediments to aquatic organisms are in 
preparation and will provide another important piece of information to the solution of this 
problem. 

SUMMARY 


A new methodology has been developed for the evaluation of Total Maximum Daily Loads 
(TMDLs) for clean sediment in streams and rivers. This methodology consists of the following 
steps: 1) Classify the stream according to Rosgen (1996); 2) Determine the stage of channel 
evolution of the stream (Simon, 1989a,b); 3) Collect data on the state of the watershed and 
calculate a landscape index; 4) Use the stage of channel evolution and landscape index to 
determine the likelihood that the stream is departing from a stable condition. This procedure has 
a high likelihood of being successful, although steps 3 and 4 need to be more fully developed and 
studied. In addition to the 4-step methodology p © -d above, parallel studies of the magnitude 
and duration of increased sediment concentrati ~ stability of the bed that causes a 
measurable detriment to the designated use of the stra are also in progress. 
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Fig. 7- Duration of bed shear stress at or above 27 Pa. The value of 27 Pa is the stress at which 
all sizes of the bed material are fully mobilized. 
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PROCESS-BASED STREAM-RIPARIAN MODELING SYSTEM TO ASSESS STREAM 
TMDLS 


By Eddy J. Lamgendoen, Research Associate; Ronald L. Bingner, Agricultural Engineer; 
Carlos V. Alonso, Supervisory Research Hydraulic Engineer; and Andrew Simon, 
“esearch Geologist, USDA-ARS National Sedimentation Laboratory, Oxford, MS 


Abstract: This paper describes a comprehensive stream-npanian modeling system to evaluate 
the effects of channel-riparian zones on stream Total Maximum Daily Loads (TMDLs). 
Nonpoint source pollutants emanating from agricultural! fields are major contributors to the 
ecological impairment of stream channels. Nutrients and sediments are the principle sources of 
surface water impairment. The edge-of-field system or riparian zone and stream corndor play an 
important role in the management of sediments and processing of contaminants. A particular 
challenge we face today is the lack of integrated, comprehensive modeling tools to evaluate Best 
Management Practices designed to meet proposed TMDL levels for agricultural watersheds. 
Scientists at the U.S. Department of Agriculture-Agricultural Research Service-National 
Sedimentation Laboratory (USDA-ARS-NSL) are integrating the ARS Riparian Ecosystem 
Management Model (REMM) and the CONservational Channel Evolution and Pollutant 
Transport System model (CONCEPTS). ARS operates field sites in Mississippi and Georgia to 
study the effects of riparian vegetation on streambank stability and pollutant transport. 
CONCEPTS has been validated using long-term morphological data from the Goodwin Creek in 
North-Central Mississippi. The hydrology, soil erosion, and nutrient transport components of 
REMM have been validated against data obtained at the Gibbs Farm near Tifton, Georgia. 


INTRODUCTION 


TMDL Development: Section 303(d) of the Clean Water Act requires that states, territories, 
and authorized tribes identify waters within their boundaries that do not meet water quality 
standards for their designated use. A TMDL (Total Maximum Daily Load) is a tool for 
implementing state water-quality standards based on the relationship between sources of 
pollutants and in-stream water quality conditions. The TMDL establishes the allowable loadings 
for specific pollutants that a waterbody can receive without violating water quality standards and 
is defined as: 





TMDL = LC = } WLA+ }LA+ MOS, (1) 
where LC is loading capacity or the maximum amount of pollutant loading a waterboay can 
assimilate without violating water quality standards, WLA is wasteload allocation or the portion 
of the TMDL allocated to existing or future point sources, LA is load allocation or the portion of 
the TMDL allocated to existing or future nonpoint sources, and MOS is margin of safety. MOS 
accounts for the uncertainty about the relationship between pollutant loads and receiving water 
quality. 


The development of TMDLs can be complicated because of the lack of adequate or proven tools 
or information on the fate, transport, and impact of cach pollutant within the natural system. The 
U. S. Environmental Protection Agency (EPA) is therefore developing TMDL protocols to 
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provide guidance on TMDL development. EPA (USEPA, 1991) divides the development of 
TMDLs into seven components: (1) problem identification, (2) identification of water quality 
indicators and target values, (3) source assessment, (4) linkage between water quality targets and 
sources, (5) allocations, (6) follow-up monitoring and evaluation plan, and (7) assembling the 
TMDL. 


During source assessment (step 3), the sources of loading for the pollutant of concern are 
identified and characterized by type, magnitude, and location. For each TMDL, a linkage 
between the selected indicator(s) and target(s) and the identified sources must be defined (step 4). 
This linkage establishes the cause-and-effect relationship between pollutant sources and the in- 
stream pollutant response and allows for an estimation of loading capacity. Consequently, 
pollutant loadings that will not exceed the loading capacity can be determined. These pollutant 
loadings are distributed among the significant sources of the pollutant (step 5), see also equation 
(1). 


Sediment Pollution: Nonpoint source pollution is the major cause of surface water impairment 
in the United States (USEPA, 1998b). The nonpoint sources of pollution vary, but nutrients and 
sediments are the principle sources of surface water impairment. This paper, however, mainly 
focuses on tools to assess sediment TMDLs. Sediment is a vital natural component of 
waterbodies and the uses they support. Excessive amount of sediment can adversely impact 
aquatic life and fisheries. Excessive sediment deposition can choke spawning gravels, impair 
fish food sources, and reduce habitat complexity in stream channels. Excessive suspended 
sediments can make it more difficult for fish to find prey and at high levels can cause direct 
physical harm. Stream scour can lead to destruction of habitat structure. Sediments can cause 
taste and odor problems for drinking water, block water supply intakes, foul treatment systems, 
and fill reservoirs. High levels of sediment can impair swimming and boating by altering 
channel form, creating hazards due to reductions in water clarity, and adversely affecting 
aesthetics. Figure 1 shows the sedimentation processes aczoss a landscape. Sediment production 
can occur both on hillslopes by surface erosion, gully erosion, or mass wasting, and in the 
channel through bank erosion and gross degradation of the channel bed. Sediments delivered to 
the stream channel move downstream. They often go through cycles of storage and removal. 





USEPA (1999) categorizes sediment TMDL indicators as: (1) water column indicators, ¢.g., 
suspended sediment, bedload sediment, and turbidity; (2) streambed sediment indicators, e.g., 
particle size distribution and substrate properties, (3) other channel indicators, ¢.g., pool/riffle 
ratios, sinuosity, bank stability, and width/depth ratios; (4) biological and habitat indicators, e.g., 
presence, diversity, and productivity of invertebrate and fish species; and (5) riparian/hillslope 
indicators, ¢.g., riparian buffer width sizes and riparian vegetation character, large woody debris, 
and landslide area. Tools used in the TMDL development process must be capable of 
representing these indicators. 


Watershed Approach: To address the combined, cumulative impacts of both point and 
nonpoint sources, EPA has adopted the same watershed approach that parallels those pioneered 
by the U. S. Department of Agriculture (USDA)-Agricultural Research Service (ARS) and 
Natural Resources Conservation Service (NRCS). EPA’s watershed approach is a coordinating 
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Figure | Sedimentation process (after USEPA, 1999). 


framework for environmental management that focuses public and private sector efforts to 
address the highest priority problems within hydrologically-defined geographic areas, taking into 
consideration both ground and surface water flow (USEPA, 1996). This approach provides a 
means to integrate governmental programs and improve decision making by both government 
and private parties. This approach enables a broad view of water resources that reflects the 
interrelationship of surface water, groundwater, chemical pollutants and nonchemical stressors, 
water quantity, and land management. Accordingly, EPA has developed a system, BASINS 
(Better Assess:nent Science Integrating Point and Nonpoint Sources) (USEPA, 1998a), to meet 
the needs of agencies that develop TMDLs. BASINS addresses three objectives: (1) to facilitate 
examination of environmental information, (2) to provide an integrated watershed and modeling 
framework, and (3) to support analysis of point and nonpoint source management alternatives. 
BASINS is a sophisticated package comprising various EPA water quality models. However, 
BASINS has limitations when used to develop sediment TMDLs. Especially, if sediment 
delivery and in-stream processes are important. 


ARS is developing technologies to characterize the movement of water and any associated 
constituents on agricultural watersheds. These technologies include models needed to 
rehabilitate degraded landscapes, stream corridors, and aquatic ecosystems. The NRCS and ARS 
have developed the AGNPS 98 suite of models and the Riparian Ecosystem Management Model 
(REMM) in partnership with other organizations. Integration of these technologies allows 
studies and assessments to be performed on the hydraulic, geomorphic, and biologic. interactions 
between a stream, the riparian zone, and adjacent farmland. 


MODELING APPROACH 
EPA’s TMDL protocols emphasize the use of rational, science-based methods and tools for 


TMDL development. “The availability of data influences the types of methods analysts can use. 
If long-term monitoring data are lacking, the analyst wil! have to use a combination of 
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Figure 2 Landscape scales applicable to the ARS AGNPS 98 and REMM models. 


monitoring, analytical tools (including models), and qualitative assessments to collect 
information, assess system processes and responses, and make decisions. Although some aspects 
of TMDLs must be quantified (e.g., numeric targets, loading capacity, and allocations), 
qualitative assessments are acceptable as long as they are supported by sound scientific 
justification or result from rigorous modeling techniques” (USEPA, 1999). 


The AGNPS 98 suite of models and REMM can be used in steps 3 through 5 of the TMDL 
development process. Figure 2 shows a view of the landscape scales applicable to the various 
models. 


AGNPS 98: The AGricultural NionPoint Source pollution model 98 (AGNPS 98) is a joint 
NRCS-ARS system of computer inodels developed to predict nonpoint source pollutant loadings 
within agricultural watersheds (Bingner, 2001). The set of computer programs consist of: (1) a 
GUI for input generation and editing as well as associated data bases, (2) the annualized science 
and technology pollutant loading model AnnAGNPS, (3) output reformatting and analysis, (4) 
the integration of comprehensive routines for in-stream processes (CONCEPTS), (5) an in- 
stream water temperature model (SNTEMP); and (6) several related salmonid models (SIDO, 
Fry Emergence, Salmonid Total Life Stage, and Salmonid Economics). 





AnnAGNPS: The Annualized AGricultural NonPoint Source pollution model (AnnAGNPS) 
(Cronshey and Theurer, 1998) is 1 continuous simulation, daily time step, watershed scale, 
pollutant loading model. AnnAGNPS analyzes a watershed divided into subareas of 
homogeneous landuse management, climate, and soils, which can adequately approximate site 
conditions. Runoff, sediment, and other pollutants are routed from each subarea through a 
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channel network, including surface water impoundments, to the outlet of the watershed. 
AnnAGNPS uses the Revised Universal Soil Loss Equation (RUSLE) (Renard et al, 1997) to 


predict soil erosion from agricultural landscapes. 


REMM: REMM is a computer simulation model of nparian forest buffer systems (Lowrance et 
al, 1998). The nparian buffer consists of three zones between the field and stream. Each zone 
includes litter and three soil layers that terminate at the bottom of the root system, and a plant 
community that can include six plant types in two canopy levels. Surface hydrology, erosion, 
vertical and horizontal subsurface flows, carbon and nutrient dynamics, anc plant growth that 
occur in each zone are modeled on a daily time step. 


CONCEPTS: The CONservational Channel Evolution and Pollutant Transport System 
(CONCEPTS) is a distributed, long-term channel evolution and water quality model for use in 
ungaged watershed systems (Langendoen, 2000). The basic components are channel hydraulics, 
stream morphology, and transport of sediments. Integration of CONCEPTS and AnnAGNPS 
provides a means to model the evolution of large-scale channel systems in disturbed landscapes 
such as those in the Demonstration Erosion Control Project, Yazoo River Basin, Mississippi 
(Langendoen and Bingner, 1998). 


The above suite of models covers the entire sedimentation process across a landscape (Figure 1). 
AnnAGNPS simulates hillslope erosion (sheet, rill, and gully erosion) and delivery processes. 
REMM simulates the storage of sediments alongside stream channels due to riparian buffers. 
CONCEPTS accounts for channel sources such as bank collapse, in-channel storage, bedload and 
assessment, step 3 of the TMDL development process, one uses the models to characterize the 
types, magnitudes, and locations of sources of sediment loading to the waterbody (USEPA, 
1999). The results can be used to connect excess sedirnent load at a point of impact to sources of 
sediment generation and can thus be used to target load reductions (steps 4 and 5 of the TMDL 
development process). Further, one can use the models to evaluate sediment BMPs, such as 
landuse management alternatives, riparian buffers, and in-stream grade control structures. 





STREAM-RIPARIAN CORRIDOR 


The stream-riparian corridor is the conveyor of pollutants through the watershed. It determines 
the short- and long-term fate of pollutants both on-site and off-site. Riparian buffers or forests 
have well-known beneficial effects on bank stability, biological diversity, and water temperature 
of streams (Karr and Schlosser, 1978). Lowrance et al (1985) showed that riparian forests 
effectively reduce nonpoint source pollution from agricultural fields. A riparian buffer is a well- 
established BMP to reduce nonpoint source pollution. The stream-riparian corridor can also be a 
producer of sediments. Many streams in the US have been channelized for flood control often 
leading to incision with increased sediment transport rates, bank collapse, and habitat 
degradation. Plans to restore or rehabilitate the stream corridor are then required together with 
technology to assess or evaluate these plans. 
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Riparian Zone: Welsch (1991) specified guidelines for a mparian buffer system with three 
zones. Zone | is permanent vegetation immediately adjacent to the streambank. Zone 2 is 
managed forest occupying a strip upslope from zone |. Zone 3 is an herbaceous filter strip 
upslope of zone 2. The primary function of zone 3 is to remove sediment from surface runoff 
and to convert channelized flow to sheet flow. The primary function of zone 2 is to block 
transport of sediment and chemicals from upland areas into the adjacent wetland or aquatic 
ecosystem. The primary function of zone | is to maintain the integrity of the streambank and a 
favorable habitat for aquatic organisms. 





ARS has developed REMM to provide a tool to assess the nonpoint source pollution control 
functions of riparian buffer systems (Lowrance et al, 1998). To assess sediment TMDLS, 
REMM simulates soil and channel erosion, and sediment transport by particle size class (clay, 
silt, sand, and small and large aggregates) within riparian buffer systems (Bosch et al, 1998). 
Bosch et al (1998) tested REMM using a data set collected at a riparian site at the University of 
Georgia Gibbs farm near Tifton, GA. The soil in the riparian forest is an Alapaha loamy sand on 
a 2.5% slope. The riparian buffer consists of a 8 m long grass filter in zone 3, a 50 m long 
managed pine forest in zone 2, and a 10 m long hardwood forest in zone 1. Figure 3 compares 
computed and simulated yields leaving each zone. Annual predicted sediment yields entering 
zone 2 were approximately double the observed value, while yields entering zone | were 
somewhat less than observed. Overprediction of the simulated runoff caused the larger, 


predicted sediment yields entering zone 2. 
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Figure 3 Comparison of observed and predicted sediment yields entering the 
three zones of a riparian forest system at the Gibbs Farm near Tifton, GA (after 
Bosch et al, 1998). 
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Stream Channel: Shields et al (1999) discussed various treatments to stabilize incised stream 
corridors. At the reach scale, restoration plans include re-alignment of the channel and bed and 
bank stabilization works, among others. Local, in-stream controls can be classified as “hard” 
structures or vegetative treatments. Examples are drop structures, spur dikes, and large woody 
debris structures. 





ARS has developed CONCEPTS to evaluate watershed scale, reach scale, and local control 
stream-corridor restoration projects. Using CONCEPTS, Langendoen and Bingner (1998) show 
that a system of 14 grade control structures in the stream network of the Goodwin Creek 
Watershed, MS, stabilizes the stream system and consequently reduces sediment yield. 
Langendoen et al (1999) showed the capabilities of CONCEPTS to simulate streambank failure 
processes. CONCEPTS accurately predicts timing and dimensions of bank failures along a 
bendway in the Goodwin Creek, Mississippi (Figure 4). 








—— 3/1/96 (survey) —@-— 11/14/96 (survey) --©— 1/24/97 (model) 
85 + | —«—3/3/97 (survey) —a—2/4/97 (model) 
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STATION, in METERS 

Figure 4 Comparison of surveyed and simulated profiles of a cross section 

located at the apex of a bendway of the Goodwin Creek, MS, between March 

1996 and April 1997. 


SUMMARY 
The application of integrated watershed analytical tools provides a science-based foundation in 


the development of TMDLs. Without these tools, accurate assessments for ungaged watersheds 
will be very difficult. 
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Abstract: During recent decades, researchers and managers have sought new techniques io 
reduce potential contamination from agricultural runoff. Most scientists have overlooked a 
valuable mitigation tool and best management practice (BMP) within the agricultural production 
landscape — drainage ditches. Historically, drainage ditches have primarily served as modes of 
water transport from fields following storm events or controlled releases. While performing this 
task, ditches have likewise been involved in agricultural contaminant transfer and 
transformation. That is to say, agricultural drainage ditches have the potential for significant 
mitigation of sediments, pesticides, and nutrients. Few, if any, recommendations for ditch 
management exist in the United States. Farmers manage their drainage ditches according to 
personal preferences and needs. Often times, they either dredge the ditches (thereby completely 
removing vegetation), or they cut most vegetation with mowers to allow better drainage. While 
water transport is the first and foremost objective of agricultural drainage ditches, our research 
has shown that herbaceous vegetation, allowed to remain relatively undisturbed within the ditch, 
has a tremendous capacity to sorb pesticides typically associated with storm water runoff. Most 
research conducted with drainage ditch systems in the U.S. has focused on monitoring 
concentrations of nutrients associated with movement of subsurface flow and tile drainage within 
ditches. We are advocating the use of drainage ditches as buffers for mitigation of agricultural 
contaminants. Through their mitigation capabilities, ditches will play an important role in the 
development of total maximum daily loads (TMDLs) for a variety of potential agricultural 
contaminants. By carefully designing our experiments, we are examining methods from which 
to offer ditch design parametcrs to farmers (¢.g. length of vegetated ditch necessary to mitigate 
against some contaminant). In addition to examining chemical fate and ecotoxicologica! benefits 
of ditches, we are also exploring the macroinvertebrate and microbial assemblages located within 
these unique ecosystems, in order to better understand their functions and potential values. 
While this conceptual proposal of ditches as a mitigation tool has wide applicability, it is not 
without certain limitations. Scaling among ditches is an important issue. Contributing area (to 
ditches) is also a crucial variable. Current research focuses on individual farm scale ditches (i.c. 
those ditches immediately surrounding the agricultural field). Our data suggest that in some 
form, using vegetated agricultural drainage ditches as a BMP will offer farmers a low-cost, low- 
maintenance solution to help combat increasing concerns with the quality of non-point source 
pollution. 
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INTRODUCTION 


Water quality issues have been at the forefront of public concern and legislative agendas for 
Because agriculture affects a great deal of landscape alteration and water use, it has been 
inherent that agriculture take a leading role in both ground and surface water quality research 
(Cooper, 1990). The greatest pollutants, by volume, affecting water quality are instream 
suspended sediment and bed!oad materials (Fowler and Heady, 1981; Cooper and Knight, 1991). 
Other potential agricultural pollutants transported during runoff events include nutrients, 
pesticides, and bacteria. Once these pollutants enter receiving water bodies, such as rivers, lakes, 
and streams, they have the potential to adversely affect the established flora and fauna of the 


ecosystem. 


In order to prevent potential agricultural pollutants from entering such aquatic receiving systems, 
focus has been placed on designing and implementing both in-field and edge-of-field best 
management practices (BMPs). Examples of suggested BMPs to decrease potential agricultural 
runoff impacts to receiving systems include the use of winter cover crops, conservation tillage 
(reduced or no-till), constructed wetlands, stiff grass hedges, riparian zones, grass filter strips, 
and other vegetative barriers. Performance of grass buffer strips for nutrient and sediment 
reduction has been well documented (Barling and Moore, 1994; Lee et al., 1989; Hayes et al., 
1984; Hayes and Hairston, 1983; Barfield et al., 1979, 1977; Hayes et al., 1979a,b,c; Butler et al., 
1974). The capacity of wetlands and other riparian areas to intercept and remediate nutrient and 
sediment-laden waters has likewise been well established (Barling and Moore, 1994; Brinson, 
1993; Jordan et al., 1993; Pinay and Decamps, 1988; Peterjohn and Correll, 1986; Jacobs and 
Gilliam, 1985; Lowrance et al., 1984). Nitrate removal of 99% within the first five meters of a 
poplar vegetated riparian zone was reported by Haycock and Pinay (1993), while Chescheir et al. 
(1991) reported that 90% of sediment associated with agricultural stormwater runoff was 
removed by treatment using a forested wetland. Many of the above-mentioned BMPs require 
some minimum construction efforts (e.g. constructed wetlands, grass hedges and filter strips) in 
order to become established and functional. This research suggests that a valuable mitigation 
tool and potential new BMP already lies within the agricultural production landscape- 
agricultural drainage ditches. Historically, drainage ditches have served primarily as methods of 
water transport from fields following storm or controlled irrigation release events. During this 
process, ditches have likewise served as sites for transfer and transformation of potential 
agricultural contaminants. If indeed agricultural drainage ditches effectively mitigate 
contaminants such as nutrients, sediments, and pesticides, this will have significant implications 
in the development of practical, realistic total maximum daily loads (TMDLs). 


MATERIALS AND METHODS 


Two controlled-release experiments simulating pesticide runoff following a storm event have 
been conducted since 1998. Both experiments were conducted within the Mississippi Delta 
Management Systems Evaluation Area (MDMSEA) (Figure 1). In 1998, a 50 m portion of a 
vegetated agricultural drainage ditch within the Beasley Lake watershed was amended with a 
mixture of the herbicide atrazine (2-chioro-4-ethylamino-6-isopropylamino-s-triazine) and the 
insecticide lambda-cyhalothrin [8-cyano-3-phenox ybenzy|-3-(2-chloro-3,3,3-trifluoro- | -eny!)- 
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Figure |. Mississippi Delta Management Systems Evaluation Area (MDMSEA) watersheds. 


2,2-dimethy! cyclopropanecarboxylate] simulating pesticide runoff from a 10 ha field. 
Dominant aquatic plant species present in the ditch included Polygonum sp. ani _eersia sp. The 
1999 study was conducted on a 650 m vegetated agricultural drainage ditch leading into 
Thighman Lake, with a mixture of two pyrethroid insecticides, lambda-cyhalothrin and 
bifenthrin [{[2 methyl(1,1'-biphenyl)-3-yl] methyl 3-(2-chioro-3,3,3-trifluoro-! -propeny!)-2,2- 
dimethy!-cyclopropanecarbox ylate]}, simulating pesticide runoff from a 20 ha field. Ludwigia sp. 
and Lemna sp. were the dominant aquatic flora in the Thighman drainage ditch. For both 
studies, pesticide concentrations were based on label application rates and potential pesticide 
runoff percentages (Wauchope, 1978). Samples of water, sediment, and plants were collected 


Vil - 67 


AIP 








Proceedings of the Seventh Federal Interagency Sedimentanon Conference, March 25 to 29. 2001, Reno, Nevada 


spatially and temporally in both studies and analyzed according to Bennett et al. (2000) and 
Moore et al. (in review) for the presence of targeted pesticides. 


RESULTS 


Beasley Lake ditch: Vegetation within the 50 m portion of the agricultural drainage ditch was 
capable of mitigating 59-61% of the measured atrazine during the first 24 h following initiation 
of the simulated storm runoff. Fourteen days following the simulation, aqueous concentrations 
of atrazine at all five monitored sites were below the ecosystem toxicological threshold (20 ug/L) 
(Huber, 1993). Samples collected at the study’s conclusion (28 d) indicated than an average of 
86% of measured atrazine was associated with plant material. Mean percentages of measured 
atrazine in water, sediments, and plants (from the end of the simulated storm event to the study 
conclusion) were 15 + 24%, 28 + 23%, and 57 + 21%, respectively. 





Approximately 97% of the measured lambda-cyhalothrin was associated with plant materia! only 
3 h following the initiation of the storm event. Samples collected 28 d following the runoff 
simulation indicated that the remaining 3% of lambda-cyhalothrin was associated with the 
sediment. Likewise, 28 d following the simulation, samples collected at cach of the five 
monitored sites indicated aqueous concentrations of lambda-cyhalothrin were at or below the 
suggested toxicological threshold of 0.02 ug/L (EXTOXNET, 1996). Mean percentages of 
measured lambda-cyhalothrin in water, sediment, and plants (from the end of the simulated 
storm event to the study conclusion) were | + 1%, 2 + 1%, and 97 + 0.4%, respectively. 
Maximum aqueous concentrations measured both spatially and temporally indicated that, based 
on the assumptions associated with the experimental design (10 ha contributing area with 
estimated 5% atrazine and lambda-cyhalothrin runoff), both atrazine and lambda-cyhalothrin 
could be mitigated within 50 m of an agricultural ditch of similar physical dimensions. 





Lake ditch: Three hours following the initiation of the simulated storm event, 96% 
of the measured lambda-cyhalothrin was associated with aquatic plant material, while the 
remaining 4% was associated with the ditch sediment. Samples collected at 12 h, 24 h, and 14d 
indicate similar findings with 94 —- 99% of measured lambda-cyhalotiiria being associated with 
aquatic plant material in the ditch. For the entirety of the study (99 days), mean percentages of 
lambda-cyhalothrin associated with water, sediment, and plants were 1 + 1%, 12 + 16%, and 87 
+ 16%, respectively. 


Similar results were seen with concentrations of bifenthrin. Ninety-nine percent of the measured 
bifenthrin was associated with aquatic plant material, three hours following initiation of the 
simulated storm event. Indications from samples collected at 12 h, 24 h, and 14 d were that 98 - 
99% of the measured bifenthrin was associated with aquatic plant material. Overall mean 
percentages of measured bifenthrin associated with water, sediment, and plants were | + 0.5%, 
18 t 28%, and 81 + 28%, respectively. 


DISCUSSION 





Current national water quality interests heavily emphasize the development and implementation 
of TMDLs (US EPA, 2000). Of great concern to agriculture and other parties not classified 
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under the National Pollutant Discharge Elimination System (NPDES) permit process, is the 
scientific research used in the TMDL process. Poor, antiquated, unrealistic assumptions of non- 
point source pollution inputs duc to agriculture threaten the continuance of proficient food and 
fiber production. Cooper (1991) conducted an intensive study in Moon Lake, Mississippi, which 
is located within an intensively cultivated watershed. Sporadic detection of permethrin was 
reported immediately after the spray season in soil, surface water, fish, and sediments, but was 
rapidly degraded and non-detectable by late fall. Knight and Cooper (1996) reported no 
permethrin in soil or water as part of a study within a mixed-cover hill land watershed, and only 
low concentrations in sediment and fish tissue (0.03 ng/g and 0.11 ng/g, respectively). Although 
these concentrations are extremely low, it continues to indicate the need for agriculture to strive 
for improvement in decreasing pesticide contaminants in runoff. 


Many BMPs assume that the “spring flush” will be the timeframe for maximum pesticide 
concentrations in runoff. Coupe et al. (1998) reported that, due to a longer growing season in the 
Mississippi Delta, different pesticide applications for a variety of crops may result in pesticide 
concentrations being detected in surface water from April until August. Methyl parathion has 
also been reported to persist throughout the fall and into winter in sediment and fish (Cooper, 
1991). Thus, a better approach to pesticide runoff mitigation would encompass the entire year, 
rather than focusing on only one season. The research described within this paper is a step 
toward providing baseline information on a proposed new BMP, agricultural drainage ditches. 
Within the two experimental designs, both ditches were capable of mitigating their respective 
pesticides (atrazine and lambda-cyhalothrin; lambda-cyhalothrin and bifenthrin) to or delow 
toxicity threshold concentrations within the allotted distances. Results also provided evidence of 
the important role of vegetation in these agricultural drainage ditches (57 - 97% of measured 
pesticides associated with plants). By maintaining these ditches as potential runoff mitigation 
routes, agriculture can capitalize on their current use in the production landscape, while avoiding 
expensive construction costs associated with some other types of BMPs. Additional 
comprehensive studies are ongoing. 
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INTRODUCTION 


Systematic sampling involves collection of data at predetermined, usually evenly spaced 
intervals (Gilbert, 1987). As a water sampling strategy, it represents an affordable way of 
collecting information about a hydrologic system. It is useful for evaluating long-term trends, 
provided that sample collection intervals are sufficient to avoid bias introduced by over- or 
under- representing significant factors that may influer.ce the parameters being measured in the 
sample. As an alternative to summary statistics for data analysis, we applied plotting positions to 
extract information from the systematic sampling record. Plotting positions are often used for 
preliminary flood frequency analysis to summarize and interpret flood flow data without 
imposing assumptions of specific distributions (Yevjevich, 1972). These take the general form 
of: 

p* = (i-a)/(N+1-a) (1.1) 
with 1 representing the rank of the observation in a data set, N the total of number of observations 
and a a constant, selected to conform with specific distributional assumptions (Cunnane, 1978). 
This approach is also referred to as the Weibul formula. Plotting positions are often used for 
empirical analysis of extreme events, to determine recurrence intervals, which are expressed as 
1/F(x), with F(x) representing an empirical distribution function of the variable under 
consideration (Cleveland, 1993). F(x) for a specified value is expressed as a quantile p*, which 
represents the probability that any value selected randomly from the data set will be less than or 
equal to the value under consideration (P(X<x) = p*). 


The plotting position approach can also be used to provide a reference loading criterion in the 
absence of a formally developed TMDL. Reference loading is based on ambient water quality 
standards and is developed using the plotting position approach. Observed flow data from the 
sampling record are transformed to daily loading rates, using ambient water quality standards as 
multipliers. When estimated loading rates, based on ambient water quality standards, are plotted 
against plotting position values, the resulting distribution defines a reference loading curve. 
Analysis takes place on a daily time step, for a full series analysis, which makes use of the ontire 
record. 


We then take the same approach with pollutant concentration data observed from systematic 
sampling results. When plotted with reference loading curves, the observed loading rates present 
a visual summary of systematic sampling data and can be used to estimate load reductions 
necessary to meet reference load criteria at specific quantiles of the systematic sampling data set. 
This allows planners to evaluate a potential TMDL with explicit performance standards and 
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assess the levels of reduction needed to conform with loading rates implied by the ambient water 
quality standard. The procedure indicates the significance of failure, in terms of expected 
loading, when loading rates exceed specified performance standards. 


Application to a river and stream in Northern Nevada 

We applied the approach described above to two different drainage systems on two different 
geographic scales in Northern Nevada, which have decade-long records of systematic sampling 
results. Steamboat Creek (above U.S.G.S. gaging station 10346680) and the Carson River, 
(above U.S.G.S. gaging station 10311400) drain 632 and 8080 km? (244 and 958 mi’), 
respectively (FIG. 1). The Nevada Division of Environmental Protection (NDEP) is developing 
TMDL for the Carson River, which is affected exclusively by nonpoint sources of phosphorus 
and sediment. Each has ambient water quality standards that correspond with specific beneficial 
uses and each has been systematically sampled for more than a decade, using a fixed schedule 
and location approach. Each is also fairly complex, because both natural and managed sources 
affect water quality and irrigation diversions and return flows complicate analyses of seasonal 
loading dynamics. 


Steamboat Creek and Carson River, NV: Physical Descriptions 

Steamboat Creek flows northeast approximately 18 miles from its source, Washoe Lake, and is 
tributary to the Truckee River (FIG. 1). It is the principal drainage for Washoe and Pleasant 
Valleys and the Truckee Meadows, an area that includes Reno, NV. The basin includes 632 km’ 
(244 mi’), which receives flow from a number of small watersheds from the eastern side of the 
Sierra Nevada Mountain, including Galena, Whites and Thomas Creeks. From 1987 to 1998 the 
Nevada Department of Environmental Protection carried out a systematic sampling program at 
three U.S.G.S. flow-gaging stations (gages 10349300, 10349980 and 10348800). The program 
collected samples and corresponding instantaneous flow measurements on a bimonthly schedule. 
Water samples were submitted to an EPA certified laboratory (the Nevada State Health 
Laboratory at the University of Nevada) and analyzed for a wide range of parameters, including 
total suspended solids (TSS) and total phosphate, as phosphorus (TP) using EPA methods 160.2 
and 4500PE, respectively. Estimated flow rates reported with sample results correspond with 
those recorded at the time of sampling at the U.S.G.S. gaging stations. 


The Carson River watershed, located in Northwestern Nevada, encompasses an area of 
approximately 8080 km’ (3,966 mi’) (FIG. 1). The river rises in the Eastern Sierra Nevada 
mountains in two main tributaries, the East and West Forks of the Carson River. The average 
yearly flow into the West Fork is 99.86 Mm’ (80,990 acre-ft) per year, as recorded by U.S.G.S. 
gage 10310000 near Woodfords, CA (see TABLE | for description of gages on the upper 
watershed of the Carson River, including contributing watershed areas). 


The Nevada Division cf Environmental Protection's Bureau of Water Quality Planning 
conducted systematic sampling at nine U.S.G.S. gaging stations from 1987 to 1998 as part of 
efforts to establish water quality standards, to meet requirements of the Clean Water Act (sect 
106). Data consist of instantaneous concentration and daily flow measurements collected at 
monthly (1987 - 1995) and bi-monthly (1995 - 1998) intervals. These include measurements of 
total phosphorus and total suspended sediment concentrations, carried out by the Nevada State 
Health Laboratory, using the methods referred to for Steamboat Creek. 
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Application: Reference and Observed Loading Curves for Steamboat Creek and the 
Carson River 

To develop reference loading curves for Steamboat Creek, which has no standards for TSS and 
TP, we applied concentration-based standards for the Truckee River, set for a control point 
approximately 2.2 km (1.3 miles) upstream of the confluence of the Truckee River and 
Steamboat Creek. The standards for total phosphates (TP - annual average concentration) and 
total suspended solids (TSS - annual average concentration) are set to meet beneficial uses (TP) 
or maintain curreni water quality (TSS). Concentration standards for TP and TSS for the 
Truckee at the upstream control point are 0.1 and 15 mg/l, respectively(N.D.E.P., 1998). 


We applied concentration-based standards for the Carson River, published by the Nevada 
Division of Environmental Protection in 1982 (Horton, 1997), to develop reference loading 
curves. The standards for total phosphorus (<0.10 mg/l) and total suspended solids (<80 mg/!) 
are set to protect aquatic life, (primarily cold water fisheries) and to support municipal or 
domestic supplies, irrigation and stock watering (N.D.E.P., 1998). Reference and observed 
loading curves for total suspended solids loading rates (kg/day) estimated for Steamboat Creek 
and the Carson River are included as FIG. 2 and 3, respectively. Reference and observed loading 
curves for total phosphorus loading rates (kg/day) are included as FIG. 4 and 5, respectively. 
The figures present distributions of the entire range of data, from 0.01 < p* < 1.0 (with P(Load < 
!) = p*, in which / represents a specific loading rate (kg/day) and p* represents the rank-based 
point estimate of probability associated with the loading rate). 


Reference loading curves for TSS developed from the record for Steamboat Creek suggest that 
the observed loading rate at the downstream-most gaging station (10349980) rarely exceeds the 
loading rate implied by the reference loading curve (RLC). The estimated distribution of 
observed TSS loading (FIG. 2) crosses the RLC at approximately 17,000 kg/day (p*=0.05), 
which suggests that approximately 5% of observed loading rates equal or exceed this rate. 


The differences in distribution of observed loading rates between the downstream-most gage and 
two upstream gaging stations are pronounced. At downstream stations quantiles for equivalent 
loading rates of total phosphorus decrease as distance from the upstream-most gage (10348800) 
increases, which indicates increased loading in the reaches between these stations. The most 
pronounced shift in distribution occurs between gages 10349300 and 10349980 (FIG. 4b), 
especially in loading rates with quantiles in the range of 0.1<p*<1.0. Loading rates estimated at 
the upstream gage are less than or equal to those of the reference loading curve with equivalent 
quantiles for approximately 85% of the data set. However, total phosphorus loading rates 
observed at gage 10349980 are always greater than those at equivalent quantiles for the reference 
loading curve. 


Conversely, the observed loading rates for total suspended solids are approximately less than or 
equal to those of the reference loading curve developed at station 1034980 at equivalent 
quantiles for must of the data set. During extreme events (those with p*< 0.1), the loading rate 
for TSS may exceed the reference loading rate for loading events in the upper extreme of the 
distribution, below the 0.05 quantile. This implies that for 95% of the daily loading rates 
observed at this gage, only the most extreme led to loading that would exceed a maximum daily 
loading rate developed using the ambient water quality standard. 
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Carson River: TSS and TP 

Estimated loading rates of TSS at gage 10311400 exceed those at equivalent quantiles on the 
reference loading curves for approximately 25% of the daily loading rates observed in the 
sampling record. From the 0.6 to the 1.0 quantiles, values for loading rates of the reference 
loading curve are greater than those estimated for all gaging stations from the sampling record. 
Below the 0.6 quantile, estimated loading rates at the downstream-most station (10311400) 
exceed those at equivalent quantiles for the reference loading curve. This implies that TSS 
loading will exceed rates at equivalent quantiles on the reference loading curve approximately 
40% of the time. For events with quantiles for equivalent loading rates that are greater than 
those estimated for the reference loading curve (at p*< 0.04 in FIG. 3a), loading rates for all! 
upstream stations except the West Fork of the Carson River (10310000) exceed those at 
equivalent quantiles on the reference loading curve for TSS. The degree of change in loading 
rate distribution between the gaging station on the East Fork of the Carson River (10309000) and 
downstream gaging stations below the confluence of the East and West Forks (10311000) and 
the most downstream gaging station (10311400) is most pronounced between the .03-.08 
quantiles. 


Total phosphorus loading distributions are very similar to those observed for Steamboat Creek, 
in that loading rates at quantiles on the reference loading curve are always exceeded by estimated 
loading rates at upstream stations, with the exception of 1031000, on the East Fork of the Carson 
River. Above the 0.6 quantile, estimated loading rates for station 10311400 and 10311000 are 
approximately equivalent. This implies that little additional loading takes place between these 
two stations under flow conditions represented in this part of the data set. At quantiles less than 
0.6 loading rates at equivalent quantiles increase from station 10311400 to 1031100, which 
implies tht under these flow conditions the watershed area between the two gaging stations is a 
significant source of total phosphorus. 


SUMMARY AND CONCLUSIONS 


In watersheds with water quality problems due primarily to nonpoint source processes, a TMDL 
is Certain to be exceeded under some conditions, such as during extreme events. Accordingly, 
land treatment programs to reduce nonpoint source contamination should be developed with a 
sense of how well management strategies must perform, with respect to current daily loading 
estimates. If management practices intended to control potential nonpoint sources are effective 
only under conditions in which loading does not normally exceed a TMDL, then the net 
reductions potentially will not yield the types of benefits anticipated by planners and managers. 
The data distributions and RLC's can be used to evaluate the degree of change needed in loading 
rates as a result of adopting or constructing management practices, if management practices have 
explicit performance criteria. Such criteria may be expressed in terms of loading events of a 
specified magnitude, which correspond with a quantile of the empirical distribution expressed as 
p*. Identifying an appropriate quantile as a design criterion helps to extract three types of 
information from the systematic sampling record. First, selection of a specific quantile (p*) 
focuses attention on the level of reduction needed to attain the loading rates that are implied to be 
permissible at an equivalent quantile of the RLC. Second, with several observed data 
distributions displayed on the same graph with the RLC, the portions of a watershed that have 
the greatest influences on loading rates at a point of interest can be identified. Third, the 
consequences of having design standards exceeded can be assessed, with respect to the 

likelihood that they will be exceeded and the type of loading dynamics that may be expected 
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As an example, a design criterion of p*=0.5 for loading rates of TP on the Carson River, at gage 
10311400, implies that approximately 46 kg/day of total phosphorus must be controlled to 
achieve the RLC loading rate of approximately 6 kg/day (FIG Sb). Observed loading rates from 
contributing upstream areas indicate that TP loading from the areas upstream of gages 10310000, 
10309000 contribute minimally to the loads observed at gage 10311400. However, loading 
rates between the first gage downstream of the confluence of the East and West Forks 
(10311000) and downstream of the East Fork (10309000) exceed the RLC at this quantile. In 
fact loading rates observed at gages 10311000 and 10311400 at equivalent quantiles from 
0.5<p*<1.0 are approximately the same, which suggests that for at least half of the data set, 

ing of conservative pollutants at the downstream most gage may be related to loading in the 
reach between the East Fork and the first gage that measures flow below the confluence of the 
East and West Forks (10311000). The estimated distribution function does not provide proof 
that land uses in this area are a source of TP, but does indicate that planning could begin by 
examining phosphorus use and associated land management practices that may be related to 
transport of total phosphorus to the Carson River. 


The approach of using empirical distributions and reference loading curves as a method of 
summarizing information from systematic sampling programs yields information that is difficult 
to obtain from summary statistics. We applied plotting positions to transformed data from 
systematic samples to summarize information collected from different areal scales and found that 
we could draw preliminary conclusions from the data, even in the absence of formally 
established maximum daily loading criteria. As a first step in analyzing results of systematic 
sampling programs, the approach avoids assumptions of underlying distribution and instead 
draws information about distribution of daily loading estimates from a transformed version of the 
observed data. This approach serves as an exploratory step to organizing and interpreting data, 
especially if other information, such as detailed land use data, modeling and sampling 
information are available. If TMDL are being considered, this type of exploratory data analysis 
can be used to evaluate the margins of safety incorporated in choices of daily loading thresholds. 


One of the purposes of preliminary analysis may be to estimate the degree of loading reduction 
needed, in the absence of a TMDL. Establishing a TMDL for a river reach, based on 
assimilative capacity is likely to be very difficult because of the high rate of volume exchange. 
TMDL for large receiving water bodies, such as lakes or reservoirs, may be based on ambient 
water quality standards or indicators that are linked explicitly to a designated use or desirable 
condition in a receiving water body (U.S.E.P.A., 1999). We have applied ambient water quality 
standards to develop reference loading curves. However, the same approach could be used to 
explicitly depict permissible loading rates with respect to a desirable condition, which may be 
based on a maximum concentration related to a potential adverse effect. In either case, the 
difference between observed loading rates at a given quantile and those that lie on the reference 
loading curve suggests the degree of loading reduction that might be necessary to meet a 
maximum daily loading criterion at a specific point and which upstream areas may be most 
important to examine closely with respect to opportunities to manage potential sources. 


Finally, guidance for selecting a margin of safety in setting a TMDL for nutrients suggests that 
both explicit and implicit methods be used (U.S.E.P.A., 1999). Explicit methods acknowledge 
that loading or concentration standards set to protect a desirable condition or meet an ambient 
water quality standard are based on assumptions or information that may not have a sound 
technical foundation. Implicit methods arbitrarily increase the level of protection without 
explicit concerns about reliability of information used to set the loading standards. In both cases, 
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explicit or implicit margins of safety address a lack of confidence that preliminary estimates of 
loading limits are likely to provide effective protection. Empirical distributions developed from 
a record of daily loading estimates offer another perspective on the margin of safety incorporated 
in TMDL. By plotting the loading estimates against quantiles associated with each loading 
value, the reference loading curve and the empirical distribution function explicitly acknowledge 
the likelihood, given the data, that a TMDL will be equaled or exceeded. A TMDL 
corresponding with an estimated p* (determined empirically from the observed loading rates) 
can be evaluated in terms of the risk of exceeding a specified loading rate under a “no-action” 
alternative. This provides planners and regulators with information about the frequency and 
magnitude of daily loading events that would exceed pollutant loading thresholds considered as 
TMDL. 


Overall this approach to analyzing systematic sampling data provides a useful first step for 
preliminary data analysis and supports both qualitative and quantitative assessments related to 
TMDL, contributing areas and seasonal trends in pollutant loading on a daily basis. The 
approach should be complementary to other analytic techniques used to develop strategies for 
nonpoint source management on a watershed scale. 
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FIG. 1: Carson River and Steamboat Creek Drainages, Northwest Nevada, showing locations 
and designations of U.S.G.S. Gaging Stations 
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FIG. 2: TSS loading rates and reference loading curves, representing the 
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FIG. 3: TSS loading rates and reference loading curves, representing the full 
systematic-sampling record for the Carson River 
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INTRODUCTION 


Suspended sediment has long been recognized as an important contaminant affecting water 
resources. Besides its direct role in determining water clarity, bridge scour and reservoir storage, 
sediment serves as a vehicle for the transport of many binding contaminants, including nutrients, 
trace metals, semi-volatile organic compounds, and numerous pesticides (U.S. Environmental 
Protection Agency, 2000a). Recent efforts to address water-quality concerns through the Total 
Maximum Daily Load (TMDL) process have identified sediment as the single most prevalent 
cause of impairment in the Nation’s streams and rivers (U.S. Environmental Protection Agency, 
2000b). Moreover, sediment has been identified as a medium for the transport and sequestration 
of organic carbon, playing a potentially important role in understanding sources and sinks in the 
global carbon budget (Stallard, 1998). 


A comprehensive understanding of sediment fate and transport is considered essential to the 
design and implementation of effective plans for sediment management (Osterkamp and others, 
1998, U.S. General Accounting Office, 1990). An extensive literature addressing the problem of 
quantifying sediment transport has produced a number of methods for estimating its flux (see 
Cohn, 1995, and Robertson and Roerish, 1999, for useful surveys). The accuracy of these 
methods is compromised by uncertainty in the concentration measurements and by the highly 
episodic nature of sediment movement, particularly when the methods are applied to smaller 
basins. However, for annual or decadal flux estimates, the methods are generally reliabie if 
calibrated with extended periods of data (Robertson and Roerish, 1999). A substantial literature 
also supports the Universal Soil Loss Equation (USLE) (Soil Conservation Service, 1983), an 
engineering method for estimating sheet and rill erosion, although the empirical credentials of 
the USLE have recently been questioned (Trimble and Crosson, 2000). Conversely, relatively 
little direct evidence is available concerning the fate of sediment. The commion practice of 
quantifying sediment fate with a sediment delivery ratio, estin.ated from a simple empirical 
relation with upstream basin area, does not articulate the relative importance of individual 
storage sites within a basin (Wolman, 1977). Rates of sediment deposition in reservoirs and flood 
plains can be determined from empirical measurements, but only a limited number of sites have 
been monitored, and net rates of deposition or loss from other potential sinks and sources is 
largely unknown (Stallard, 1998). In particular, little is known about how much sediment loss 
from fields ultimately makes its way to stream channels, and how much sediment is subsequently 
stored in or lost from the streambed (Meade and Parker, 1985, Trimble and Crosson, 2000). 


This paper reports on recent progress made to address empirically the question of sediment fate 
and transport on a national scale. The model presented here is based on the SPAtially Referenced 
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Regression On Watershed attributes (SPARROW) methodology, first used to estimate the 
distribution of nutrients in streams and nvers of the United States, and subsequently shown to 
describe land and stream processes affecting the delivery of nutrients (Smith and others, 1997, 
Alexander and others, 2000, Preston and Brakebill, 1999). The model makes use of numerous 
spatial datasets, available at the national level, to explain long-term sediment water-quality 
conditions in major streams and rivers throughout the United States. Sediment sources are 
identified using sediment erosion rates from the National Resources Inventory (NRI) (Natural 
Resources Conservation Service, 2000) and apportioned over the landscape according to 30- 
meter resolution land-use information from the National Land Cover Data set (NLCD) (U.S. 
Geological Survey, 2000a). More than 76,000 reservoirs from the National Inventory of Dams 
(NID) (U.S. Army Corps of Engineers, 1996) are identified as potential sediment sinks. Other, 
non-anthropogenic sources and sinks are identified using soil information from the State Soil 
Survey Geographic (STATSGO) data base (Schwarz and Alexander, 1995) and spatial coverages 
representing surficial rock type and vegetative cover. The SPARROW model empirically relates 
these diverse spatial datasets to estimates of long-term, mean annual sediment flux computed 
from concentration and flow measurements collected over the period 1985-95 from more than 
(Alexander and others, 1998), the National Water Quality Assessment Program, and U.S. 
Geological Survey District offices (Turcios and Gray, in press). The calibrated model is used to 
estimate sediment flux for over 60,000 stream segments included in the River Reach File | (RF1) 
stream network (Alexander and others, 1999). 


SPARROW uses statistical methods to calibrate a simple, structural model of riverine water 
quality, one that imposes mass balance in accounting for changes in contaminant flux. As applied 
here, the mass-balance approach facilitates the interpretation of model results in terms of 
physical processes affecting sediment transport, and makes possible the estimation of vanous 
rates of sediment generation and loss associated with stream channels and features of the 
landscape. The statistical approach provides a basis for assessing the error of these inferred rates 
and of the error in extrapolated estimates of sediment flux made for streams in the RF! network. 


An important implication of the holistic modeling approach adopted in this analysis 1s that 
estimates of sediment production and loss are based on, and therefore consistent with, 


measurements of in-stream flux. Other ancillary information, such as direct measurements of 
long-term sediment storage and release from reservoirs (Steffen, 1996), is incorporated into the 
analysis by specifying additional equations explaining these ancillary variables. The imposition 
of cross-equation constraints affords this information a statistically consistent weight in 
explaining in-stream sediment flux. Thus, the methodology described here represents a general 
framework for synthesizing a wide spectrum of available information relevant to the 
understanding of sediment fate and transport. 


METHODOLOGY 


The SPARROW methodology (Smith and others, 1997) has been modified to incorporate greater 
spatial resolution. The primary spatial reference frame for the model continues to be the RF! 
reach network: all point sources and landscape features are referenced to a particular RF! reach 
However, considerable internal structure has been added to cach reach. Reach watersheds are 
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delineated using the 1-kilometer HYDRO IK digital elevation model (DEM) (U.S. Geological 
Survey, 2000a), and explicit pathways are defined between landscape features and their adjacent 
RFI streams. The delineation method uses a “burn-in” process whereby the RF1 reachi is first 
digitized in the 1-kilometer grid and then the elevations of RF1 grid cells are artificially lowered 
to insure that simulated flow from surrounding cells moves into them. Flow directions based on 
the steepest descent determine the extent of the reach watershed and the undefined tributary flow 
paths leading from the landscape to the RF! channel cells. To insure the accurate determination 
of in-stream travel time, RF1 stream pathways continue to be defined by the line work of RF 


channels rather than by the grd-cell representation. 


A schematic of a typical reach watershed, illustrating its spatial structure and associated features, 
is given in figure |. Flow directions, represented by the arrows crossing each adjacent grid cell, 
define the movement of water in undefined tributaries leading to the RF1 stream. The “burn-in” 
method insures that all flow paths intersect a reach cell at some point within the watershed, 
although inconsistencies between the RF1 reach and the DEM-defined stream chanr.cl may 
artificially lengthen “off-RF1” flow paths and shorten “on-RF1” paths (see figure | for an 
example). The length of the flow path provides a rough estimate of the distance sediment must 
travel in smaller tributaries before reaching the larger streams included in the RF1 network. 
Travel time in small streams versus large nvers has been shown to be an important factor 
affecting the in-stream delivery of nutrients (Alexander and others, 2000) and could be of similar 
importance for sediment. 


The enhanced spatial structure afforded by the DEM facilitates the incorporation of spatially 
integrating features into the model. “Off-channel” reservoirs, located on the grid net according to 
their geographic coordinates provided by the NID, act as potential sinks for sediment i 
from cells with flow paths that intersect the reservoir grid cell. Similarly, “off-RF 1” monitoring 
stations can be located on the grid and given a basin representation. Although these stations are 


not useful for calibrating the delivery process within RF! channels, they offer a high-resolution 
view of other processes affecting the movement of sediment across the landscape. 


Other important spatial features identified in the model include point sources, located relative to 
RF 1 streams based on geographic coordinates (S. Rubin, Environmental Protection Agency, 
written commun., 1999), and land associated with uses that serve as likely sources or sinks for 
sediment. Point-source loadings of total suspended solids are determined by methods developed 
by the National Oceanic and Atmospheric Administration for the National Coastal Pollutant 
Discharge Inventory (National Oceanic and Atmosphenc Administration, 1993). Land use is 
taken from the 21-class, 30-meter resolution NLCD, and summarized according to the number of 
30-meter cells of a given land-use class that are mapped to a corresponding | -kilometer cell. 
NLCD land use is used to refine the areal extent of the various sediment erosion rates associated 
with different land covers identified in the NRI. 
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Figure 1. Schematic of a typical reach watershed illustrating the grid cell structure and identified 
attributes. 


The mean annual suspended-sediment flux generated within and leaving reach watershed /, 
referred to as the incremental reach flux F,, can be expressed as 


(1) F = ye" +e, pS, 


cel 


where N, is the number of |-kilometer grid cells, indexed by c, in reach watershed /, d., is a 
vector of factors describing the pathway from cell c to the outlet of reach /, 5 is a vector of 
coefficients associated with the pathway variables, Z.., is a vector of landscape and climatic 
characteristics affecting the delivery of sediment within cell c, a is a vector of coefficients 
associated with the Z variables, S,, is a vector of sediment sources, and f} is a vector of 
associated source coefficients. 


The vector d consists of (1) variables representing the landscape flow-path distance traversed to 
reach the RF1 stream, (2) the mean slope of the “off-RF1” flow path, the time of travel incurred 
along the RF! stream, (3) variables affecting the retention of sediment in any reservoir located 
along the landscape or RF! flow path, such as streamflow, reservoir age, and NID estimates of 
surface area or storage volume, and (5) other variables identifying possible sinks along the flow 
path, such as forested land or land classified by STATSGO as wetlands or alluvium. Variables 
included in the Z vector include runoff, overland flow, slope, and indicators of soils or other 
factors affecting the movement of sediment off the field to channels. The source vector, §, 
includes sediment erosion from the NRI and point-source loadings. 
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The |-kilometer spatial detail used to determine F,, correspending to nearly 8 million gnd cells 
for the more than 60,000 reaches in the conterminous U_S., places a heavy computationa! burden 
on the iterative, non-linear least-squares, calibration method. To reduce the number of 
computations, the reach mode! is simplified by assuming the Z variables take a single mean 
value Z, for all cells in the reach and, for the d variables, by substituting a second-order Taylor 


approximation about the reach-level mean 4. The imposition of acommon Z, value for all cells 
in a reach is not restrictive given the spatial coarseness of existing information. The resulting 
ation te 


(2) Fe ***** >i -6i4, -4, $+(pe8)(s,, ela, -4 Ia, -a)}, 


eel 


This approximation effectively converts the unit of observation in equation (1) from a |- 
kilometer gnd cell to a reach segment, replacing the non-linear terms dependent on individual 
cell values with non-linear and linear terms dependent on reach-level means, variances and 
covariances of the d and S variablcs. 


To complete the model structure, individual reaches are combined to form a nested basin. Each 
nested basin / consists of the set (i) of reaches upstream from monitoring station / and below 
any monitoring station located further upstream (if such stations exist) (see figure 2). The 
sediment load for nested basin i, denoted L,, is equal to the sum of the incremental fluxes from 
the nested reach segments / € /(/), plus the monitored sediment discharged from the set Li) of 
nested basins bounding the upper drainage of nested basin i (there may be more than one) ani 
delivered to monitoring station i. The sediment load L, is related to the upstream incremczial 
fluxes, F,, and monitored loads, L,, according to a log-linear relation 


(3) lt) = yen, + tt, )o6 


where d,, represents a vector consisting of the same variables in d_ ,, but corresponding to the 
RF |-reach path extending from the downstream-end of reach / to the ( monitoring station 
(accordingly, d,, has values of 0 for all variables pertaining to “off-RF 1” flow paths). In equation 
(3), an independent error term « has been added to represent the combined effect of 
measurement and mode! error introduced at nested basin /. 


Data on reservoir storage can be incorporated directly into the mode! by introducing an 
additional storage equation. Let d* and 5° pertain to the subset of path variables and associated 
coefficients determining the rate sediment is stored in reservoirs, and define R, as the annual 
amount of stored sediment measured at a reservoir on reach 4 (a similar analysis can be done for 
“off-RF 1” reservoirs). The reservoir storage equation takes the form 


“) ine,)= inf (e** ay +E (ee 1, | ‘. 
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where w, 1s a random error. 


Joint estimation of equations (3) and (4), with the F, and corresponding a, §, and 5 parameters 
defined by equation (2), is by non-linear three-stage least squares. To insure robust estimates and 
to facilitate the estimation of prediction error, the calibration of the model 1s repeated 200 times 
employing a bootstrap estimation algorithm (see Smith and others, 1997). 
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Figure 2. Schematic of a nested basin defined by upstream and downstream monitoring stations. 


The flexible mathematical structure used in equations (1) - (3) 1s capable of accommodating a 
number of hypotheses concerning sedirnent fate and transport. Sites of sediment storage, 
identified in the model as a subset of the d variables, can act as sediment sources or sinks, 

2 .; coding or the sign of corresponding 5 coefficients. A random coefficient form of the mode! 
allows storage sites to serve as sources in some regions and sinks in others. Such behavior can be 
inferred statistically by relating the prevalence of storage sites in nested basins to the magnitude 
of the squared residual «¢ in these basins (Godfrey, 1988). Non-point sources of sediment, such as 
soil erosion included under S, are distinguished from sediment losses from storage (¢.g., an 
alluvial plain) identified with d, un the assumption that the former is a primary process duc to 
weathering whereas the latter is a consequence of the accumulation of previously weathered 
material which is later released to streams under changing hydraulic conditions. Accordingly, the 
potential for storage loss in the model depends on the extent of accumulated upstream soil 
crosion due to weathering. The empirical validity of the USLE estimate of soil erosion can be 
evaluated through statistical hypothesis tests conducted on the relevant [} coefficients 
Alternative measures of soi! crosion can also be empincally evaluated mn the model by 
substituting variables serving as determinants of the USLE for the USLE erosion estimate 


The estimation of long-term suspended-sediment load at a monitoring station 1s based on the 
regression of the natural logarithm of instantancous suspended sediment concentration on current 
and lagged values of the natural logarithm of daily flow and other vanables representing scasonal 


Vil. 85 


A200 


Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29. 2001, Reno, Nevada 


and trend effects. If the station has concentration data collected more frequently than a weekly 
basis, the regression model is modified to account for serial correlation. To be included in the 
analysis, a station must have at least 3 years of data between 1985 and 1995. Only data within 
the period 1985-95 are included in the regression. 


Mean annual susperided-sediment load is estimated by first simulating load for each day over the 
1985-55 period and then averaging daily values on an annual basis. Simulated loads are obtained 
by taking the exponential of the sum of the predicted daily load given by the calibrated 
regression model with the time trend variable set to a base year of 1992 and a randomly selected 
residual from the regression model. For days having actual monitoring data, the daily load is 
computed by multiplying the measured instantaneous concentration by the daily flow. If a station 
has a data record with sufficient frequency to estimate a serial correlation parameter, the 
simulated daily load is based on the conditional prediction associated with past and future 
observed loads, plus a normally distributed random error having a correlation structure consistent 
with the conditional prediction and with the variance estimated by the regression model. The 
Monte Carlo process used to estimate simulated daily loads for the 1985-95 period is repeated 
200 times, providing 200 values for estimating the mean and standard deviation of the average 
annual sediment load for a site. 


SUMMARY 


The model described here is intended to empirically evaluate regional-scale processes affecting 
the long-term (i.¢., decadal) transport of sediment in rivers. Additionally, the model will provide 
estimates of sediment mean annual flux for every reach included in the RF1 network. Error 
estimates for these process evaluations and stream predictions are determined using robust 
bootstrap methods. Future work will address the dynamic behavior of sediment flux associated 
with non-steady state streamflow conditions. 
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OVERVIEW OF THE RECONFIGURED-CHANNEL MONITORING 
AND ASSESSMENT PROGRAM 


J.G. Elliott, Hydrologist, USGS WRD, Box 25046 MS 415 DFC, Lakewood, Colorado 80225; R-S. 
Parker, Hydrologist, USGS WRD, Box 25046 MS 415 DFC, Lakewood, Colorado 80225 


Abstract: The US Geological Survey Reconfigured-Channel Monitoring and Assessment Program was 
developed to monitor and assess increasingly popular and widespread channel reconfiguration efforts. A 
penodically updated data base available on the world wide web will enable land-management agencies 
and other interested parties to evaluate the long-term success of specific channel reconfiguration projects. 
Monitoring projects on the Lake Fork and the North Fork of the Gunnison River, Colorado, illustrate two 
different reclamation methods and an example of the monitoring program objectives and approach. 


INTRODUCTION 


Channe] reconfiguration to mitigate a variety of riverine problems has become an important issue in the 
Western United States. Reasons cited for channel reconfiguration include restoration to more natural or 
historical conditions, improved water conveyance in flood-prone areas, mitigation of unstable streambed 
and streambanks, increased sediment transport, and enhancement of mparian habitat or recreation. 
Numerous private entities and resource-management agencies have attempted to reconfigure stream and 
river channels by using designs based on different geomorphic philosophies. However, little work has 
been done in assessing the channel response to and the effectiveness of these modifications over a long 
period of time (Kondolf and Micheli, 1995). The U.S. Geological Survey (USGS) 1s engaged in a 
program designed to monitor and assess selected river reaches that have undergone reconfiguration 
(Elhott and Parker, 1999). 


The objectives of the USGS Reconfigured-Channel Monitoring and Assessment Program (RCMAP) are: 
(1) to develop uniform and versatile monitoring methods for reconfigured channel reaches and to apply 
these methods to selected reaches; (2) to create and maintain a data base consisting of numerous 
monumented stream reaches; and (3) to revisit these reaches periodically and assess regional and 
tempora! trends in the geomorphic response of the stream to the channel modifications. Long-term 
monitoring of reconfigured channeis wil! enable analysis of how and why a particular reconfiguration 
design may have remained stable or faile '. If a channel modification fails, the analysis will focus on 
understanding the processes by which failure occurred. These processes could include bank erosion, 
streambed aggradation or incision, flood-plain deposition or scour, and loss of riparian vegetation through 
root scour, soil-moisture deficit, or prolonged submergence. 


TWO-LEVEL APPROACH 


The RCMAP is implemented at two levels to satisfy multiple objectives. Level | involves development 
of standardized sampling and monitoring methods, site-specific measurements, and analysis of channel 
characteristics. Level 2 involves long-term data-base development and periodic analyses. 


Level | - Methods and Site-Specific Analysis: Level | activities consist primarily of descriptive 
measurements of channel characteristics prior to (if possible) and following channel modification and 
geomorphic and hydrologic evaluations of the river reach. These measurements are tailored to a specific 
reach and entail surveys of the channel cross section and longitudinal profile, measurement of sediment- 
size characteristics of the streambed and banks, and oblique photography from monumented locations 
through the reach. Other measurements may include aerial photographic interpretation and streamflow- 
regime analysis, if photographs and hydrologic records are available. River reaches are selected for study 
and inclusion in the RCMAP data base on the basis of: (1) cooperator interest and funding availability, 
(2) the potential for future channel-modification activity in the reach, (3) the proximity of a streamflow- 
gaging station, and (4) scientific research objectives. 


Data are collected over a reach of at least several channel widths in length. A set of measurements are 
made prior to reconfiguration, if possible, and during the first year after recor: uration. These 
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measurements will be replicated in a subsequent year to evaluate channel change in the reconfigured 
reach. The time interval between replicate measurements will be determined partly by the hydrologic 
history at the monitored reach. Some simple empirical relations also may be used to evaluate potential 
channel response. 

Site-specific analysis provides descriptive information about a reconfigured channel reach in a timely 
manner and enables interested parties to assess whether the modification activities have resulted in 
persistent qualities deemed acceptable to land managers and the public. Another potential benefit of the 
USGS RCMAP is that it enables other agencies or researchers to expand upon and sugment the 
geomorphic data collected by the USGS. Research topics might include hydraulic function of habitat- 
Level 2 - Data-Base Development and Analysis Sites: The RCMAP is being expanded to 
include sites that represent a range of geomorphic, sedi ic, and hydrologic stream types. 
RCMAP data is being archived in a manner similar to that of the USGS Vigil Network (Emmett and 
Hadley, 1968), and these data will be added to a USGS web site. The optimal size of the data base for 


subsequent analyses depends, in part, on the site-to-site variability in the data base. 


The Level 2 analyses use the Level | data base, compiled over several years, to identify regional patterns 
or trends in channel processes and morphology and to assess the channel response to earlier modification 
efforts. This analysis among sites is ongoing as the data base periodically is updated and expanded. 
Level 2 analyses identify additional data collection or model applications needed to understand channel 
processes and responses at specific sites. Level 2 analyses could include: (1) an evaluation of the effects 
of observed streamflow on post-reconfiguration channel morphology; (2) a determination of flow 
velocity, shear stress, and sediment entrainment potential under a range of discharges; (3) an empirical 
determination of sediment-transport rates to identify sites of potential aggradation or scour; and (4) 
parametric and nonparametric statistical analyses to evaluate whether the success rate of channel 
reconfiguration efforts is a function of specific channel morphology, gradient, sediment type, flow 
regime, or other factors, such as specific design features. 


EXAMPLES OF MONITORED REACHES 


Two reconfigured river reaches are presented to illustrate slightly different engineering approaches to 
channel modifications and to illustrate the RCMAP monitoring methods. 


Lake Fork of the Gunnison River: The Lake Fork of the Gunnison River is a perennial, snowmelt- 
dominated stream draining the northeastern side of the San Juan Mountains in southwestern Colorado 
(fig. 1). Streamflow records have been collected by the USGS since 1938 at a gaging station within the 
study reach (09124500 Lake Fork at Gateview). The mean annual streamflow in this reach, where the 
drainage area is 865 km2, is 213 hm. Bankfull discharge is approximately 42.0 m3/s (Andrews, 1984), 
and the 10-year flood is 69.6 m3/s (U.S. Interagency Advisory Committee, 1982). The valley slope in the 
study reach is 0.0075 m/m. 


Land use in the Lake Fork Valley is predominantly agricultural (hay meadows and livestock grazing). 
Aerial photography from 1977 and onsite reconnaissance in 1992 and 1998 indicated that segments of the 
river channel had been artificially straightened. Other segments were braided and prone to bank erosion 
and lateral shifting (fig. 2). Prior to reconfiguration, the reach near the Gateview gage was characterized 
by a wide, shallow channel with a streambed composed of gravel, cobbles, and boulders. Onsite 
reconnaissance and land-owner interviews in 1998 indicated that some segments of the channel were 
laterally restricted by an engineered levee and possibly dredged over a period of years. 


A 3.2-km segment of the Lake Fork was reconfigured in late 1997 to mitigate past probleras associated 
with flooding and gravel deposition on the flood plain, and to improve the trout fishery. The channel 
modifications included: (1) deepening of the channel by streambed excavation, (2) slight increases in 
sinuosity by constructing new cobble alternate bars within the former bank-to-bank channe! area, (3) 
reduction of flow width and creation of streambank protection through addition of coarse sediment and 
tree-root wads to formerly vertical banks, (4) addition of large boulders as streambed roughness elements 
to improve fish habitat, and (5) construction of several grade-contro! and flow-directing structures 
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composed of large boulders (fig. 3). The boulder structures placed in the stream were designed tore- 
direct high-velocity flow and to facilitate bedload transport through the reach (Rosgen, 1996). 




















0 2% & 75 100 KILOMETERS 
Figure |. Location map showing two monitored reconfigured river reaches. 


A 0.8-km reach of the Lake Fork was monumented and surveyed by the USGS in September 1998. 
Permanent reference marks were installed for vertical and horizontal control (fig. 4). The reference-mark 
locations (latitude and lc~gitude) were determined with a global positioning system (GPS) receiver to 
facilitate replication of the survey at a future date. The survey consisted of longitudina! profiles of the 
streambanks, terraces, and the water surface at a streamflow of approximately 6.1 m3/s. Nine channel 
cross sectious were surveyed in the study reach. Cross sections were selected that represented the range 
of channel geometry in the reach or that were in locations likely to exhibit change should future 
adjustments occur in cross-section dimensions (fig. 5). The cross section endpoints were established on a 
relatively stable surface, monumented, and located with a GPS receiver. 


The monumented reach and cross-section survey was augmented with additional measurements. 
Sediment characteristics of the streambed and banks were determined at eight locations along the Lake 
Fork study reach using the Wolman (1954) pebble-count method. Oblique photographs were taken from 
23 monumented locations; these photographs provide a means to observe and quantify changes in 
channel dimensions, sediment characteristics, or vegetation. 
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Figure 2. Aerial photograph of the Lake Fork of the Gunnison River at Gateview, Colorado, taken in 
1977 before chennel reconfiguration activities, showing location of streamflow gaging station 
09124500, reach reconstructed in 1997 (A-D), and reach monitored by USGS in 1998 (B-C) 











Figure 3. Lake Fork of the Gunnison River at Gateview, Colorado. Views looking downstream to the 
bridge near gaging station 09124500, (A) in 1992 prior to reconfiguration at a discharge of 7.6 m’/s, 
and (B) in 1998 following reconfiguration at a discharge of 6.5 m’/s. The cobble bar forming the left 
bank in (B) was constructed of material dredged from the streambed to the right. The large, partly 
submerged boulders in the right side of the channel in (B) were quarried off site and added to the 
streambed during recor’ guration 


A 0.8-km reach of the Lake Fork was monumented and surveyed by the USGS in September | 998 
Permanent reference marks were installed for vertical and horizontal control (fig. 4). The reference- 
mark locations (latitude and longitude) were determined with a global positioning system (GPS) 
receiver to facilitate replication of the survey at a future date. The survey consisted of longitudinal 
profiles of the streambanks, terraces, and the water surface at a streamflow of approximate’y 
6.1 m’/s. Nine channel cross sections were surveyed in the study reach. Cross sections were selected 
that represented the range of channel geometry im the reach or that were in locations likely to 
exhibit change should future adjustments occur in cross-section dunensions (fig. 5). The cross section 
endpoints were established on a relatively stable surface. monumented, and located with a GPS 
receiver 










































































Figure 4. Detail of the Lake Fork of the Gunnison River study-reach survey showing che reconfigured 
channel at a discharge of 6.1 m’/s, selected surveyed points, monumented cross sections 5, 6, and 7, 
and several reference marks. Sediment that composes the new right bank and the large cobble bar on 
the left was dredged from the streambed, which produced a narrower, deeper channel. 


The monumented reach and cross-section survey was augmented with additional measurements. 
Sediment characteristics of the streambed and banks were determined at eight locations along the 
Lake Fork study rev: sing the Wolman (1954) pebbdle-count method. Oblique photographs were 
taken from 23 mom: ented locations, these photographs provide a means to observe and quantify 
changes in channel dimensions, sediment characteristics, or vegetation 
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Figure 5. Lake Fork of the Gunnison River at Gateview cross section 6 showing reconfigured channel 
geometry in 1998. The formerly wide and shallow channel! has been narrowed and deepened by 
redistribution of material from the streambed to the right bank and left cobble bar. 





: The North Fork of the Gunnison River is a perennial, 
snowmelt-dominated stream draining the West Elk and Elk Mountains in western Colorado (fig. |). 
Streamflow records have been collected by the USGS since 1933 at a gaging station 29 km upstream 
from the study reach (09132500 North Fork Gunnison River near Somerset). The drainage area at 
the study reach is approximately 2,200 km’ and the valley slope in the study reach is 0.0058 m/m. 
Bankfull discharge in the study reach is approximately 85.0 m’/s (J.P. Crane, North Fork River 
improvement Association, oral communication, 1999), and the 10-year flood is 215 m’/s 
(U.S. Army Corps of Engineers, 1980). 


Land use in the North Fork Valley is predominantly agricultural (livestock grazing and fruit 
orchards), however, extractive industries include underground coal mining and alluvial gravel 
quarrying. The North Fork of the Gunnison River channel has been extensively disturbed as a result 
of intentional riparian-vegetation removal and meander cut-off in the late 19" century, and by 
floods in 1912 and 1932 and subsequent channelization efforts (Crane, 1997). 


Prior to reconfiguration, the study reach was characterized by a wide, shallow channe! with braided 
sections and a streambed composed of gravel and cobbles. Streambed aggradation and lateral bank 
erosion were common. A 2.2 km reach of the North Fork was reconfigured in the winter of 
1999/2000 to improve the conveyance of runoff and sediment, to stabilize streambanks, and to 
improve aquatic habitat. The channel modifications included: (1) deepening of the channel by 
streambed excavation, (2) slight increases in sinuosity by excavation and realignment of the channel, 
(3) creation of streambank protection in limited areas through willow plantings and addition of 
coarse sediment to the new banks, (4) addition of a few large boulders as streambed roughness 
clemeats to improve fish habitat, (5) construction of a few grade-control and flow-diversion 
structures composed of la ze boulders, and (6) stabilization of an irrigation-ditch intake structure 
(fig. 6) 
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Figure 6. North Fork of the Gunnison River near Hotchkiss. View looking upstream . Prior to 
reconfiguration, the reach was braided. The main channel, previousiy on the left of the photograph, 
has been converted into a backwater and wetland area. 


A 2.0-km reach of the North Fork was monumented and surveyed by the USGS in March 2000. As 
with the Lake Fork, permanent reference marks were installed for vertical and horizontal contro! 
The reference mark locations (latitude and longitude) were determined with a GPS receiver to 
facilitate replicate surveys. The survey consisted of longitudinal profiles of the streambanks., 
terraces, and the water surface at a streamflow of approximately 4.5 m’/s. Sixteen channel cross 
sections were surveyed in the study reach. Sediment characteristics were determined with the 
Wolman (1954) method and monumented oblique photographs were made 


The principal difference between the Lake Fork and North Fork reconfiguration methods was that 
the Lake Fork channel was designed to function with the assistance of several boulder structures 
whose purpose was to fix the location of the channel and high-velocity flow thread: whereas, the 
North Fork channel was designed to function as an alluvial channel, largely without reliance on fixed- 
location boulder structures 


FUTURE ACTIVITIES 


Channel adjustments are the expected behavior of fluvial rivers; however, the rate of channel 
‘iustment can range from imperceptible to dramatic and can affect river function and water- 
1. © aree utilization. The recently monumented channels will be resurveyed and rephotographe!, and 
the sediment will be recharacterized in the future. Replicate measurements will be made to quantify 
changes in channel geometry and sediment-size characteristics and to determine how and why a 
particular reconf*guration design may have remained stable or failed. The replication interval will be 
determined largely by year-to-year streamflow characteristics (recurrence of floods) and the presence 
or absence of geomorphic adjustment. 
Channel modification and reconfiguratica projects have been considered for many other river and 
stream reaches in the Western United States. The RCMAP will include surveys of other recently 
reconfigured stream reaches and will revisit previously monumented reaches as opportunitics arise 
Data from new river reaches and replicate surveys at previously monumented reaches al). will be 
added to the data base and subsequently analyzed by the USGS 
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IS YOUR MESSAGE BEING HEARD? 


By: 
THOMAS W. LEVERMANN, 
HEAD, EDUCATION AND PUBLICATIONS, 
NATURAL RESOURCES CONSERVATION SERVICE, USDA 
PO BOX 2890 


WASHINGTON, DC 20013 


Phone: 202-720-2536 
Fax: 202-690-1221 


E-mail: thomas. levermann@usda gov 


It is said, “A picture is worth a thousand words.” That is probably true IF the receiver of 
that picture clearly understands the meaning of the picture. In other words, was the 
message received the way it was intended? 


A visual image, just like the spoken or typed word, is only as good as the information 
contained in the message and how well it is received and understood by the audience. It 
is possible that the aforementioned picture may create more than a thousand words of 
Jiscussion if it doesn't clearly transmit the intended message to the audience. 


Communication, as defined by Webster, is “a process by which information is exchanged 
between individuals through a common system of symbols, signs, or behavior.” 
Communication, or expressiveness, as Arthur Plotnik refers to it, is “an onslaught of 
stimulation that seizes and engages an audience.” Oversimplified, communication is just 
about everything you do. Whether you realize it or not, whenever you do anything 
witnessed, heard or read, communication is happening. 


A rather recent (Spring 2000) example of communication ‘as the removal of Elian 
Gonzalez from his relatives’ home in Florida. You may be visualizing that image of Elian 
facing a federal agent with an assault rifle. But how many of you are thinking of the 
picture taken several weeks later, as a smiling Elian and his father are getting on the 
airplane to return t Cuba? Messages sent and receive of*c 1 cause much rhetoric and 
enflame emotions. Were those the intended react)~:. of the pnotos? 


Communication doesn't have to be quite as dramatic. Co « “cr your normal daily 
activities, such as reading, writing, day dreaming, nding tne elevator, watching a soccer 
game, looking at a backward baseball cap. Whatever you see or do, you are giving and 
receiving messages and images. And from them, you and others are drawing conclusions 
and making decisions. This is information transfer no matter what form that information 
transfer tales 
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In all its forms, communication should ensure that your intended messages, whch is what 

the sender wants a receiver to know or understand, are effectively delivered to a target 

audience. That is accomplished through the use of various signals such as words, visuals, 

colors, designs, or music. Then the receiver uses one or more senses to receive the 
information, decode and interpret the information. { hai is the “simple” part. 


But what does it take to begin the process to communicate? Behavioral scientists say the 
sender must engage the audience - overcoming any resistance to the message (Plotnik). 
How that is done becomes a challenge. Therefore, a basic question is: "How do you 
make sure you communicate what you want communicated?” 


First, understand you: audience and plan to meet its needs. So, developing the message 
to meet an audience's needs becomes a critical factor in ensuring that your intended 

message is heard the way you want it to be and interpreted in such a way that an intended 

action does take place. Carefully consider the key to audience identification - what does 

the audience know about your topic” 


Second, determine what is supposed to happen on the receiver's end. What does the 
sender want the receiver to do? Is it awareness, understanding, or motivation to action? 
The clever manager of the message may touch on a long-standing passion or dislike to 
incite a reaction. That comes from understanding the audience. The difficulty may come 
in judging how the audience received the message. Did the audience understand? Did 
the message motivate the audience to action? And was that action the kind of action the 
sender wanted? Another factor, which is often not possible to judge, is the temporal 
factor between receipt of the message and when action takes place. 


Third, make sure your message is organized and transmitted in a way that your audience 
will clearly understand what you are trying to communicate. 


Hence, is it fair to say that the most important thing any organization does is 
communicate? After all, what are technical documents? A communication method. And 
how are those technical references used? By someone wanting the information? In other 
words, reinforcing the classic definition of communication - a sender has a message, and 
a receiver wants information about that topic. The sender wants, indeed needs, feedback. 
That helps determine if the message was received, how it was received, and what the 
results were. And that is critical to achieving a communication objective. 


So how does communication fit with sedimentation? Neatly. Let's look at a basic 
concern. How many people truly understand or care about sedimentation? Probably not 
many, except those few who are scientists, planners, or conservationists. If that is true, 
how do you get your work to the populace in general? Maybe you don't want to. That, in 
it, is a Communication decision. If you do, though, who is the intended audience, and 
what do you want them to do? And why? What motivations do they have that match the 
intended outcomes of a communication strategy? 
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If you have as an objective, for example, reducing sedimentation though the use of 
conservation practices, how is that going to be accomplished? Who will be the most 
influential group to actually make that happen? Probably, private landowners who 
control 70% of the land and 80% of the water in the United States. Therefore, some of 
the information about sedimentation needs to be targeted to that group. 


Now we are touching on developing a communication strategy that uses the many issues 
and science surrounding sedimentation, plus the technical work, human emotions, and 
ideas, and neatly packaging them into a plan that will create awareness, understanding, 
and action. Who you actually target will be determined by understanding your audience 
and what it needs to know. That may consist of just one speech or visual presentation, or 
a long-term series of coordinated activities. Whatever you decide, it needs to be focused 


on the needs of the targeted group. 


Therefore, if communication is considered a critical element for your organization, it 
needs to approach it in a disciplined, planned, and systematic method, just as any other 
activity. After all, you do want results. But, without planning, how would you know 
what results you want and whether you've achieved them? 


References: 
Plotnik, Arthur, 1996, The Elements of Expression, Henry Holt and Company, Inc., New 
York , 33. 


Walton, D, 1989, Are You Communicating?” McGraw-Hill, Inc., New York, 70. 
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CUSTOMIZED TECHNIQUES FOR INTERPRETATION 
OF SUSPENDED SEDIMENT DATA 


By Donaid E. Stump Jr., Hydrologist, Office of Surface Mining Reclamation and 
Enforcement, Pittsburgh, Pennsylvania 


Abstract: With increased public awareness of the environmental impacts of land disturbance, 
regulatory agencies are requiring more information and analyses. Sediment transport is just one 
of the parameters required to be evaluated. Regulatory agencies need to have an analysis of the 
impacts of proposed iand disturbance on sediment transport before a permitting decision can be 
made. The relationship of water discharge to suspended sediment concentrations varies from 
location to location depending on various factors. A simple and accurate method of evaluating 
this relationship is needed. Customized suspended sediment transport curves can be used as part 
of this evaluation. They characterize the suspended sediment transport for individual sites and 
are useful to predict the impacts of proposed land disturbance. 





The USGS-Water Resources Division publishes daily values suspended sediment concentrations 
annually. The suspended sediment transport curves for daily value data tend to have significant 
scatter. Customized suspended sediment transport relationships created, using techniques to sort 
and filter the data minimize this scatter. These customized relationships are created by sorting 
the data for season, total storm period, time since the previous storm, precipitation intensity, etc. 


These customized sediment transport curves provide the foundation for creating and calibrating 
predictive models for use by industry, government, and the public to support land disturbance 
decisions. 


INTRODUCTION 


Soil erosion and transport results when soil is exposed to the energy of rainfall and flowing 
water. It is not possible to conduct carth moving and disturbance without exposing soil to these 
erosive forces (Barfield and Warner, 1985). Land disturbances may cause temporary increases in 
soil transport while others may cause permanent increases. This transport can be accelerated if 
the surface drainage patterns are altered and the volume of excess runoff is increased along with 
the soil disturbance. 


Government agencies must make decisions involving significant land disturbance for residential 
development, industrial use, agricultural use and resource extraction. The agencies should 
evaluate the land disturbance and its impacts to sediment transport as part of their permitting 
process. Water quality criteria and/or maximum allowable levels that have to be met may 
already be in the regulations for total suspended sediment. 


Using a customized suspended sediment transport curve is a method that can be used to evaluate 
land disturbance impacts to sediment transport. The transport curves can also be used to provide 
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governmental agencies with a basis for making impact predictions for proposed land 
disturbances. 


LAND DISTURBANCE 


Earth moving equipment is used in many industries as part of their everyday operations and 
during construction and demolition. There is land development for housing, road construction, 
surface mining of minerals and ores, agricultural activities, etc. All of these activities require 
land disturbance and the potential to expose soil particles to the wind and water for transport. 


Construction of roads can significantly increase erosion potential when surface vegetation is 
removed and the ground surface is unprotected... At an interstate highway construction site the 
annual suspended-sediment discharge increased during construction from 100 to 300 percent, but 
returned to preconstruction rates after work was completed. (Reed, 1980) 


Mining operations may introduce large volumes of sediment directly into streams. Mine dumps 
and spoil banks, which are left ungraded and not vegetated, often continue to erode many years 
after mining. (Vanoni, 1977) Sediment yield from surface mine spoil banks increased by 1,000 
percent over pre-disturbance levels. Sediment loss from the mining haul roads also produced 
significant amounts of sediment. (Collier, 1970) 


Agnicultural activities have caused accelerated erosion through deforestation to clear the land, 
cultivation, and altering drainage patterns. The most significant source of sediment is from sheet 
and nil erosion. (Brakensiek, 1979) The results of plot studies indicate this conversion from 
forested cover to agricultural activity accelerates erosion from 100 to 1,000 fold. (Musgrave, 
1957) 


SEDIMENT TRANSPORT 


Sediment transport is only one part a sediment particle’s history. Transport is sandwiched 
between the conditions that mobilized (erosion) the particle and the conditions that will allow the 
particle to be deposited (sedimentation). When flowing water is evaluated for its quality and 
suitability for various uses, its sediment transport characteristics are important. 


Suspended sediment samples provide the basic data from which sediment transport curves are 
developed. In the early days of fluvial sediment investigations, each investigator and at least 
each agency developed methods and equipment according to need. To insure comparable results 
standard sediment samplers and methods were developed through committees and laboratories. 
(Guy, 1973) 


Surface runoff from rainfall create water hydrographs with characteristic rising limbs and falling 


recessions. Of importance is the peak discharges in the evaluation of flooding and sediment 
transport. The variation of sediment concentration with respect to the storm runoff hydrograph 
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may help to characterize the sediment transport. The relationship of the sediment peaks to the 
hydrograph peaks are identified as advanced, simultaneous, and lagging concentration graphs 
The advanced type is the most common. The magnitude of sediment concentration for a typical 
sediment concentration graph at a given stream location will vary considerably depending on the 
season of the year, the changing patterns of land use, the antecedent moisture conditions and the 
nature of the precipitation intensity and pattern on the basin. (Guy, 1978) 


Most of the sediment transport is done during periods of excess runoff from storms. Sediment 
yield generally increases geometrically with storm runoff rate. (Guy. 1978) Under certain 
conditions, it is possible for high-intensity runoff events to attain maximum concentrations at the 
beginning of runoff. This is true for watersheds where the weathering of soils or siream beds, or 
both, during long, dry periods has produced a large readily transportable load of fine material. 'f 
the storm is intense, the stream sediment concentration is comparatively high at the start of 
excess runoff and increases rapidly. These conditions result in a “loop” effect on the sediment 
transport graph for a given storm. (Vanoni, 1977) 


SUSPENDED SEDIMENT TRANSPORT CURVES 


The relation between water discharge and sediment discharge may be expressed by an average 
curve. This curve is called a sediment-transport curve. The types of sediment-transport curves 
are numerous. They may be classified as instantaneous, daily monthly, annual, or flood-period 
curves. (Porierfield, 1977) Traditionally sediment transport curves use daily values data to 
characterize the flow of suspended sediment past a site. These curves tend to have significant 
scatter because they include days of base flow, excess runoff, snowmelt, and reservoir releases. 


To develop these transport curves there are usually two basic types of sediment records. They 
are published by the U. S. Geological Survey as daily values or periodic data used for research 
and interpretive reports. (Porterfield, 1977) in addition to this public sediment data individuals 
can collect information for their specific areas of interest. 


The size and characteristics of the drainage area, the climatic conditions, and the magnitude and 
period of land disturbance will control the time scale and site locations that should be used for 
the analysis. Smaller drainage areas may need to be evaluated at a time scale that is less than one 
day while large drainages may be evaluated using daily values. 


CUSTOMIZED SEDIMENT TRANSPORT CURVE 


Sediment transport curves can be refined or customized to document the characteristics of 
sediment flow past a site, compare curves from multiple sites, and document changes at a site. 
These customized relationships are created by sorting the data for season, total storm period, time 
since the previous storm, precipitation intensity, etc. 


To show how customized suspended sediment transport curves can give a better representation of 


_ Vill - 14 DEV . 








Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29. 2001, Reno, Nevada 


the impacts of land disturbance on sediment transport two sites will be used. One site was 
upstream of the land disturbance and the other site was downstream. The land disturbance 
evaluated was surface coal mining. The sites were located in Southwestern Pennsylvania. The 
upstream site was 0.9 square mile and the downstream site was 7.4 square miles. Automatic 
pumping sediment samplers were used to collect the suspended sediment samples. The samplers 
were configured to collect additional samples during storms. (Stump, 1985) 


Two years of daily values suspended sediment data were used and are noted as “year |" and 
“year 2". During year | little mining was occurring between the two sites. During year 2 data a 
portion of the area between the sites was disturbed by surface mining. 


Monthly values of sediment load and discharge were graphed for both sites for the two years of 
data. Figure | is the graph of the data for the upstream site and figure 2 is the graph for the 
downstream site. The graphs show a significant amount of scatter. A best-fit line is drawn on 
each graph for each year of data. The best-fit lines intersect on each graph and do not indicate a 
change in the sediment transport at either site. The impact of the land disturbance from the 
surface mining would be expected to appear in figure 2 at the downstream site. Based on this 
analysis the impacts of the mining operation on the sediment transport appears to be negligible. 
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Figure 2 : Monthly Sediment Yield and Discharge 
Downstream Site 


A customized sediment transport curve was then graphed. The customized graph also used the 
daily values data but several filters were used to select the data for the sediment transport curve. 


Vill - 16 a Vy, 











Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Newada 


Only data from periods of excess runoff were used (storms). The sediment yield for eacn storm 
was calculated from the daily sediment data. This was done by summing the days associated 
with each storm. The increase in discharge from the beginning of the storm to the storm peak 
was used as the other parameter in the sediment transport curve. These customized sediment 
transport curves are shown in figures 3 and 4. Figure 3 is the storm sediment yield and discharge 
increase graph for the upstream site for years 1 and 2. Figure 4 1s the sediment yield and 
discharge increase graph for the downstream site. All of the storms during the two year data 
collection period were plotted. The best-fit average lines on figure 3 shows the similarity of the 
sediment transport characteristics for the two years. The data scatter on figure 3 for the upstream 
site is less than the scatter in figure 1. The best-fit average lines on figure 4 shows how the 
sediment transport characteristics changed from year | to year 2 at the downstream site. Figure 4 
shows a distinct migration of the sediment transport curve from year | to year 2. For any it given 
storm the sediment yield was creater in year 2 than in year |. 


Figures 3 and 4 would support the conclusien that the land disturbance from the mining activities 
between the upstream station and the downst’eam station increased the sediment transport. This 
conclusion contradicts the conclusion, of no impact, that was already drawn from figures | and 
2. The customized sediment transport curves in figures 3 and 4 allow for a better interpretation 
of daily values sediment data to identify the impacts that land disturbance can have on sediment 


transport. 


SUMMARY 


The evaluation of sediment transport is only one part of the sediment system. Considerations 
need to be made to see where the sediment is coming from and where it is being deposited. This 
may be considered as a cradle to grave analysis similar to what is done with certain chemicals. 


Customized sediment transport curves can be developed to evaluate the impacts of land 
disturbance. By selectively filtering the sediment data to minimize some of the scatter changes 
in sediment transport characteristics caused by land disturbance can be identified. These 
customized sediment transport curves can provide the foundation for creating and calibrating 
predictive models for use by industry, government, and the public to support future land 
disturbance decisions. 
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SEDIMENT SOURCES IN THE LOWER ATHABASCA RIVER, CANADA: 
IMPLICATIONS OF NATURAL HYDROCARBON INPUTS FROM OIL SAND 
DEPOSITS 


By: F. Maicoim Conly, Prairie and Northern Wildlife Research ( entre, Ecological Research Division, 
Environment Canada, Saskatoon, SK CANADA 


Abstract: The Athabasca River dreams an area of 160,000 km’ m northern Alberta, Canada Oil sand deposits 
underhe a considerable pornon of the lower Athabasca River basin. The oi! sands prumarily occur m the McMurray 
Formation of the Cretaceous Pernod, with outcrops evident along the banks of thc Athabasca River, as well as the 
lower portons of several tnbutanmes. Extraction of oi! from these depossts constitutes a mayor and rapidly expanding 
industry, the environmental consequences of which, are a concern to governmert, industry and the public. The 
ultunate ecosystem consequences of these activities are unclear and are the subyect of ongoing invesuigatons. Many 
investigations have focused on the nature of effluent produced by the industry and ss associated umpact to biotic 
systems. ‘investigacons have also been undertaken to assess the spatial distribution of these hydrocarbon 
contamunants, typically by determuming the amount of hydrocarbon associated with deposited fluvial sediments 
Natural hydrocarbon substrates, however. are exposed throughout the oil sands area and studies have suggested that 
these outcrops may be responsible for observed biological responses mm areas not exposed to industrial effluent. 
Given that the oul sands represent a natural source of hydrocarbons to the environment and with no quantification of 
this source, it is currently difficult to determine the true impact of oi] recovery activities within this aquatic 
ecosystem. In order to assess and predict potential impacts of hydrocarbon development activities occurring in the 
Alberta Oil sands area, it is necessary to distinguish these mmpacts from those produced by naturally occurring 
hydrocarbon deposits and releases. To accomplish this it 1s also necessary to have am understanding of the nature 
and extent of natural hydrocarbon mput sources to this fluvial system. This paper describes some of the fluvial 
geomorphic characteristics of the lower Athabasca River and provides a context for assessing sediment-bound 
hydrocarbon contamunants within the context of the sediment regime of the lower Athabasca River basin. 


INTRODUCTION 


The Athabasca oil sands deposit im northeast Alberta (Figure |) is the largest Cretaceous oil sands deposits in 
Alberta and is considered to be one of the largest single accumulations of oi] in the world (Flach, 1984). As such 
the area has undergone varying levels of development over the past one hundred years. Recent increases in 
hydrocarbon development in the area coupled with the results of a five-year, $12 M research muitiative, referred to as 
the Northern River Basins Study (NRBS) which included the Athabasca River Basin, has highlighted the issues of 
the potential impacts (NRBS, 1996). Specifically, NRBS studies found that there was evidence of ecological stress 
on fish found in the mainstem of the Athabasca River adjacent the oil sands development (Wrona at al, 1996). Of 
further interest is evidence of biomarker responses in areas where there are natural exposures of oil sands and no 


active development 


Both oil sands development and natural exposure to oi] sands deposits may result in concentrations of hydrocarbons 
and other substances, in both the water and sediment, which can cause stress to fish and other biota. As a result of 
the NRBS studies and the recent expansion of the oils sands industry, a four-year program (1998-2002) to provide 
an Assessment of \atural and Anthropogenic Impacts of Oil Sands Contaminants within the Northern River Basins 
was developed (Wrona and Cash, 1997). This research mitiative is supported by the Panel on Energy Research and 
Development (PERD) and Environment Canada (EC). The goal of this research program is to assess and predict 
potential unpacts of hydrocarbon activities and separate these impacts from those produced by naturally occurring 
hydrocarbon deposits and releases. In order to meet this goal it 1s necessary to have an understanding of the spatial 
distnbution, nature and extent of natural hydrocarbon releases to the aquatic environment. 


As an imitial step in understanding the availability of natural sources of sediment-bound hydrocarbon contaminants, 
an assessment of the fluvial characteristics of the lower Athabasca River bas.» was undertaken and includes an 
evaluation of potential sediment source areas within the reaches of the lower Athabasca River. Emphasis was 
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placed on quantifying the potenual contnbunon of sediment denved from naturally occurring o1! sand exposures 
and evaluating this wn the context of the sediment regume of the lower Athabas 2 River basin 


STUDY SITE | 


The Athabasca River ongmates from the 
eastern slopes of the Rocky Mountaims mn 
Alberta, Canada The ver tends 
northeast across Alberta ch aiming an arca 
of approximately 160,000 km’ and 
evenzualiy discharging mito Lake 
Athabasca (Figure 1). The main focus of 
this study us the lower portions of the 
Athabasca River, prmanly downstream 
of the community of Fort McMurray 
(Figure 2). The lower pornons of the 
Athabasca River drams an area of 
approximately $8,000 km’ including the 
Clearwater River basin. The Athabasca- 
Clearwater rivers are located mm a post- 
glacial spillway, with the lower portions 
of the Athabasca River cutting into a late 
Piesstocene braid delta (Rhine and Smuth, 
1988) Boreal forest and muskeg 
domunate the surrounding uplands. The 
mean annual flow of the Athabasca River 
at Fort McMurray ts approximately 650 
m's' with lower flows occurring im the 
late winter, when catchment runoff 1s at a 
minimum, and peak flows 

occurrmg im late June of July, 
corresponding with mountain runoff Calgary 
(HYDAT, 1994). Mean monthly winter 

flows typically do not exceed 180 m's’ 

and monthly peak flows m July range 

from 1400-1500 m’s' on average. The : ———— rn 
Athabasca River has had flows less than 

90 m's' and in excess of 4700 m's' 























Figure |: Location of Athabasca Piver in Alberta, 
Canada. Shaded area indicates area of active ofl sands 


The clumate of the lower Athabasca River basin 
development in northeastern Alberta. 


can be generally characterized as relatively dry 
with cool summers and cold winters 
(Atmospheric Environment Service, 1993). Mean daily temperatures in January are approximately -20 "C and 
July mean daily temperatures are around 15 "C. Average annual precipitation is ‘ess than 500 mm with over 
60%» occurring as rainfall and the remainder as snowfall 


GEOLOGY OF THE OIL SANDS 


Oil sands mm the lower Athabasca region are found mm the McMurray Formation of the Cretaceous Period, which 
is underlain by shales and limestones of the Waterways Formation (Devonian) and overlain by shale and 
sandstones of the Clearwater Formation (Figure 3). The thickness of the formation depends considerably on the 
underlying unconformity and varies from over 150 m (500 ft) m the centre of the deposit to zero m the west 
where it eventually pinches out against a paleo-topographic ndge cf Devonian limestone (Flach, 194). The 
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overlying Clearwater Formaton, consisting primanly of marme shales, and on top of this 1s the dormunantly 
sandstone Gund Rapits Fematien (igus 5) 
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Figure 2: Simplified geology of the Lower Athabasca 
showing the extent of the McMurray Formation. Inset map 
shows the erosional meander bends near t mbarrass — see 
text for discussion. 


Onl Sands Exposure on the Lower Athabasca 





The McMurray Formation strata are first exposed in the Athabasca nverbed at Boiler Rapids approximately $0 km 
upstream of Fort McMurray (Figure 2). It us replaced in the riverbed about |5-km downstream by the underlying 
Waterways Formation, but are found im the valley walls, almost continuously, as far downstream as Eymundson 
Creek. The McMurray Formation becomes exposed to the riverbed again near the McKay River. Downstream of 
Eymundson Creek geologic maps indicate exposures of the Waterways Formation and older formations of the 
Middle Devonian (McPherson and Kathol, 1977), but bedrock exposures become increasingly masked by fluvial- 
glacial deposits and more recent alluvium 


Between Boiler Rapids and the Clearwater River Valley the Athabasca River flows through a narrow canyon that 
wa’ carved in post-glacial times In contrast, the present Clearwater-Athabasca (below Fort McMurray) dramage in 
the oi! sands region follows a late-glacial trench excavated by melt water spillage from water umpounded at the ice- 
sheet front to the cast (Smuth and Fisher, 1993), and the present drainage has incised further into this tench. The 
actual height of the walls flanking the pre. ent nver vanes and depends, to a large extent, on whether the new valicy 
sides have been cut laterally into the older higher-level walls, or whether the river has merely cut down into the 
floor of the older trench 
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The largest tributary to the lower Athabasca River basen us the Clearwater River. Maps of bedrock geology mdacate 
that the valicy walls of the Clearwater Riwer are flanked by the McMurray Formanon from Fort McMurray 
approxumately the Albcrta Saskatchewan border (Figure 3), a drstamce comparable with the length of exposure along 
the Athabasca River downstream of Fort McMurray. The basal parts of the slopes are Waterways Formanon, and 
the tops of the slopes are Clearwater Formation, overlam by Grand Rapids For:nanon The valicy walls are masked 
by a layer of colluvmm with no exposures of the McMurray Formanon mdscated on local bedrock geology maps, 
though outcrops of the overlying Clearwater Formation are indicated m the casi ( Alberta Research Council, 1970) 


Several small tributanes are also incised mmto the McMurray Formaton, typically ak. “- lower reaches prnor to 
discharging wmto the Athabasca River. In several corcumstances the down cutting = uc 4. “basca River ito the 
surrounding plain and partcularly mto the McMurray and Clearwater Formation 5 resulied im some tributanes 


developing a steep gradient as they discharge into the Athabasca River 
SEDIMF NT REGIME OF THE LOWER ATHABASCA RIVER 


The primary sediment sampling stator on the lower Athabasca River is located near Fort McMurray Sediment 
sampling was first mitiated at this site in 1967 and operated continuously between 1969 and 1979. The program 
shifted to a seasonal operation and continued until 1987 since then only nuscellaneous samples have been collected 
Another sediment sampling stahon was located further downstream near Embarras and operated seasonally between 
1976-84 (Figure 2). A sediment budget analysis by Carson (1990) for the common penod of record (1976-84) 
found the mean anaual suspended sediment load at Embearras (at 6 3 Mt) to be |_| Mt greater than at Fort McMurray 


tributary mputs (the largest being the Clearwater- see Table |). The balance, approximately 0.5 Mt, was assumed to 
onginate from bank erosion between the two stations 























Tatie 1: Estimated mean annual suspended sediment loads at A recent evaluation of channel 
Environment C anada river gauging stations in the Athabasca stability along the mainstem of the 
oil sands area, Alberta, 1976-84 (based on data from Carson, 19990). lower Athabasca Kiver, as part of the 
Station Lead (kt) PERD/EC study, imdicated only 

localized imstability throughout the 
Mainstem stations: reaches that are exposed to oil sands 
Athabasca River at Embarras 6340 strata Moving downstream from Fort 
Difference 1140 Creek, the Athabasca River hugs the 
Tributaries: rnght side of its valley bottom, with a 
Clearwater River at Draper (near Ft. McMurray) 400 floodplain separating the left valley 
Other trioutaries 210 wall from the channel. Valley wall 
Total tribrtary inputs 610 erosion and instability is therefore 














sediment inputs from the lower course of small nght-bank tributanes. Continuing downstream, the old bed 
mek water channel flanks the Athabasca River downstream to the McKay River and thus the river has 
opportunity to erode the valicy walls. From just upstream of the McKay River, the Athabasca River becomes 
weakly sinvous, with abundant vegetated islands which cause an over-widening of the channel where they occur 
Althougk there 1s no obvious pattern to the distribution of islands, a pattern of alternating lateral bars 1s apparent 
Moving downstrearr towards Eymundson Creek, the clusters of vegetated islands take on a distribution along the 
channel similar to that of ‘alternate bars’. This rudimentary meandering thalweg morphology « charactenstic of 
rivers where the bank maternal 1s too resistant to allow sufficient bank crosson to produce true meanders or for the 


channel to widen generally allowing true braiding 
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Figure 3: East-west geologic cross-section through the oil sands area in northeast Alberta Canada. Approximate location of cross-section 
is indicated on Figurel. (after McPherson and Kathol, 1977) 
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Downstream of Eymundson Creek (roughly the downstream limit of McMurray Formation exposures), the 
Athabasca is flanked by Quaternary sediments. Initially, this reach 1s relatively nazrow, and variable degrees of re- 
vegetation along the valley walls, suggest old sites of sediment delivery to the mver. In most cases, these old sites 
are now separated from the river by laterally accumulating floodplain sediment. As the paleo-delta area broadens 
down river, old cliffs have become insulated from the Athabasca River, over almost its complete length, by wide 
tracts of floodplain. While undercutting of the floodplain itself may be locally important, volumes of sediment 
would be expected to be much smaller than in the case of the :all cliffs, and the coarser sand sediment eroded from 
one bank site is likely to accumulate a short distance downstream. 


There is, however, one major sediment-producing site on the lower Athabasca between the McMurray and 
Embarras sediment stations. This is the second (right bank — site ‘a’ on inset in Figure 2) of two well developed, 
large meander bends immediately downstream of Embarras. The first (left bank — site “b’ on inset in Figure 2) bend 
is cut into low alluvial deposits, with a bank height of less than 8 metres. The second bend, however, undercuts a 
terrace in the early post-glacial paleo-delta sediments (Rhine and Smith, 1988). This cliff is about 27 m high, based 
on the 21 m height above water level as described by Rhine and Smith (1988), and estimating another 5 to 6 m of 
submerged base, which would be expected given the location on the outside of a meander bend. Undercutting is 
indicated on air photographs along about 3200 metres of this bend. An examination of the position of this long cliff 
on aerial photographs taken in 1953, 1967 and 1984 indicates an average retreat rate through the bend in excess of 
three metres per year. Assuming a bulk density of 1.6 tm’, the mean annual sediment supply rate during 1976-84 is 
conservatively estimated at 0.4 to 0.45 Myr. 


Another site of active erosion of Quaternary sediments occurs at Embarras (site ‘c’ on inset in Figure 2). Cliffs at 
this site are estimated at approximately 22 m tall and extending approximately 1300 m. Using a mean retreat rate of 
0.7 m/yr yields and the same bulk density as above, the sediment contribution from this site is approximately 30 
kt/yr or less than 10% of the downstream meander bend. 


Although further photogrametric analysis and onsite morphometric surveys would be useful in refining these 
estimates, the sediment supply from these cliffs compares with a tentative estimate of bank erosion of about 0.5 
Mvyr as provided by Carson (1990) for the lower Athabasca River between Fort McMurray and Embarras. The 
implication seems to be that comparatively little bank sediment is produced along the rest of the Athabasca River 
between Fort McMurray and Embarras stations, which is consistent with the small degree of bank instability 
observed between these sites. 


This comparison assumes that the bulk of the sediment undercut from cliffs becomes incorporated into the 
suspended load of the Athabasca River at Emivarras. Rhine and Smith (1988) note that the bottom of th: cliff 
sections are lacustrine mud. This lacustrine mud, which would certainly be moved in suspension, would likely 
constitute the lower third of the bank section. The rest of the section is dominantly sand, the texture of which is 
highly variable, depending on the facies. Granules and pebbles do occur, but are not abundant. Assuming, 
conservatively, that only half of the eroded cliff volumc becomes incorporated into the suspended load, this 
sediment supply from the Embarras bend cliffs would still account for a significant portion of the suspended 
sediment load between Embarras and McMurray. 


DISCUSSION 


The data available indicate that tributaries and mainstem erosion in the Fort McMurray-Embarras reach could be 
supplying up to 1.1 Mt (18%) of the mean annual suspended sediment load of the Athabasca River. Approximately 
55% of the sediment input along the lower Athabasca River (10% of the load at Embarras) originate from tributaries 
in the oil sands region, primarily the Clearwater River It should be noted that tributaries that were sampled account 
for only 77% of the total drainage area of the lower Athabasca River, not including the Clearwater River. The load 
of the remaining 23% was determined by assuming that the specific sediment yield (vkm’/yr) was the same as the 
average for those that were sampled (Carson, 1990). Rivers that were not sampled consisted primarily of those 
downstream of the oil sand exposures, though some, such as Calumet River, Pierre River and Eymundson Creek are 
underlain by McMurray Formation in their lower courses (Figure 2). 
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Analysis of these data suggests that roughly 45% of the 1.1 Mt increase in sediment load between McMurray and 
Embarras, that is about 8% of the Embarras suspended load, derives from valley wall erosion downstream of 
McMurray. However, most of the valley wall erosion in this reach is taking place in the general vicinity of 
Embarras, well downstream of the bed and bank exposures of the McMurray Formation. Thus valley wall erosion 
of in-situ oil sands along the main stem of the lower Athabasca River is not likely a significant source of sediment 
passing Embazrras. 


Of the tributary inputs, the Clearwater River is by far the most significant source of suspended sediment, with more 
than 60% of the total tributary contribution for the lower Athabasca River. How much of this suspended sediment of 
the Clearwater River is derived from McMurray Formation is difficult to assess. As indicated previously the valley 
walls are predominantly made up of colluvium. Although the genesis of this material is derived, in part, from the 
underlying basal material, it is unlikely that there would be a significant contribution of sediment from oil sand 
sources. Further research and site investigation will be required to confirm this speculation. 


The Christina River, a major tributary to the Clearwater River, dissects oil sands strata in its lower course. Site 
investigation on the Christina River suggested that the majority of sediment supplied by this nver occurred upstream 
of the exposed McMurray formation. As such, any sediment produced im the relatively short reach of the lower 
Christina River, that is exposed to the McMurray formation, would likely be highly diluted from sediment produced 
from upstream sources. 


Assuming that the mainstem Clearwater River produces little suspended sediment itself, the corollary would be that 
the only major source of oil-sands sediment in the Fort McMurray-Embarras reach (apart from that derived from the 
Athabasca upstream of Fort McMurray), is from the tributaries to the lower Athabasca River. Using the figures 
provided in Table 1, the suspended sediment from these tributaries would account for at most 3.5% of the mean 
annual load passing Embarras. In addition, it is important to remember that some of the tributaries do not drain 
through areas that have oil sand exposures and that it is typically only the lower reaches of the tributaries that are 
incised into the McMurray Formation. 


CONCLUSION 


Based on the considerations of the fluvial characteristics and sediment regime of the lower Athabasca River basin, 
naturally occurring hydrocarbon-contaminated sediments are most likely to be detected in tributaries that ai. :ncised 
into the McMurray Formation. This assumes, of course, that there is no significant contribution of oil sand 
sediments from upstream of Fort McMurray. It is likely, however, that there are localized depositional 
accumulations oil and derived sediments in the mainstem of the Athabasca River and almost certainly immediately 
downstream of | \«se tributaries. By the time suspended sediment from the tributaries of the lower Athabasca River 
gauging site near Embarras, oil sand derived sediment from downstream of Fort McMurray will have been diluted 
to no more than 3.5% (an upper limit) of the river's suspended sediment load. 


A question remains, however, as to how mu.” oil-sands sediment is produced upstream of Fort McMurray in the 
Athabasca River and its tributaries. Certainly there a. . ~“larities in the fluvial characteristics of the Athabasca 
River and its tributaries upstream of Fort McMurray, particularly u: .. “hes exposed to the McMurray Formation, 





but the volume of oil sand derived sediment produced is currently unknown. .... ~ver the degree to which this 
sediment would be diluted by hydrocarbon-free sediment from upriver is also a question that wouia need w uw 
addressed. 
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PREDICTION OF SEDIMENT TOXICITY USING CONSENSUS-BASED FRESHWATER 
SEDIMENT QUALITY GUIDELINES 


By Christopher G. Ingersoll, Nile Kemble, Columbia Environmental 
Research Center, USGS, Columbia, MO; Donald D. MacDonald, 
MacDonald Environmental Sciences Limited, Nanaimo, British Columbia, Canada; 
Ning Wang, Fisheries and Wildlife Sciences, University of Missouri, Columbia, MO 


Abstract: Nuriicai sediment quality guidelines (SQGs) have been developed by a varnety of 
federal, state, and prcvincial agencies across North America using matching sediment chemistry and 
biological effects data. These SQGs have been routinely used to interpret historical data, identify 
potential problem chemicals or areas at a site, design monitoring programs, classify hot spots and 
rank sites, and make decisions regarding the need for more detailed studies. Additional suggested 
uses for SQGs include identifying the need for source controls of problem chemicals before release, 
linking chemical sources to sediment contamination, triggering regulatory action, and establishing 
target remediation objectives. In the current study, the ability of probable effect concentrations 
(PECs) to predict sediment toxicity was evaluated using a database recently developed using 
matching sediment toxicity and chemistry data from throughout North America (1657 samples). The 
PECs are SQGs that were established as concentrations of individual chemicals above which adverse 
effects in sediments are expected to frequently occur. The database used in this evaluation was 
comprised primarily of 10- to 14-day or 28- to 42-day toxicity tests with the amphipod Hyalella 
azteca (designated as HA10 or HA28 tests) and 10- to 14-day toxicity tests with the midges 
Chironomus tentans or C. riparius (designated as CS10 test). Mean PEC quotients were calculated to 
provide an overall measure of chemical contamination and to support an evaluation of the combined 
effects of multiple contaminants in sediments. There was an increase in the incidence of toxicity 
with an increase in the mean quotients in all three tests. A consistent increase in the toxicity in all 
three tests occurred at a mean quotient >0.5, however, the overall incidence of toxicity was greater in 
the HA28 test compared to the short-term tests. The longer-term tests in which survival and growth 
are measured tend to be more sensitive than the shorter-term tests, with acute to chronic ratios on the 
order of 6 for H. azteca. Different patterns were observed among the various procedures used to 
calculate mean quotients. For example in the HA28 test, a relatively abrupt increase in toxicity was 
associated with elevated polychlorinated biphenyls (PCBs) alone or with elevated polycyclic 
aromatic hydrocarbons (PAHs) alone, compared to the gradual increase in toxicity observed with 
quotients calculated using a combination of metals, PAHs, and PCBs. These analyses indicate that 
the different patterns in toxicity may be the result of unique chemical signals associated with 
individual contaminants in samples. While mean quotients can be used to classify samples as toxic 
or non-toxic, individual quotients might be useful for helping to identify substances that may be 
causing or substantially contributing to the observed toxicity. An increase in the incidence of toxicity 
was observed with increasing mean quotients within most of the regions, basins, and areas in North 
America for all three toxicity tests. The results of these analyses indicate that the PECs can be used 
to reliably predict toxicity of sediments on both a regional and national basis. 
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INTRODUCTION 


Numencal SQGs, when used with other tools such as sediment toxicity tests, bioaccumulation 
evaluations, and benthic community surveys, can provide a powerful weight of evidence for 
assessing the hazards associated with contaminated sediments (USEPA 1997, Long and MacDonald 
1998). A critical component in the application of SQGs for assessing sediment quality is a 
demonstration of the ability of the guidelines to accurately predict the absence or presence of 
toxicity in field-collected sediments (Long ef a/. 1995, 1998a; Ingersoll et al. 1996, Smith ef ai. 
1996, Field et al. 1999; Swartz 1999; Fairey et al. 2000; MacDonald et a/. 2000a,b). A series of four 
papers has recently been published to evaluate the ability of various SQGs to predict toxicity in 
contaminated sediments. The first paper in the series focused on resolving the “mixture paradox” 
that is associated with the application of empirically-derived SQGs for individual PAHs. In this 
case, the paradox was addressed by developing consensus-based SQGs for total PAHs (Swartz 
1999). A second paper developed and evaluated consensus-based SQGs for PCBs to address a 
similar mixture paradox for that group of contaminants (MacDonald et a/. 2000b). 


A third paper developed consensus-based SQGs for freshwater sediments (MacDonald et ail. 2000a). 
The published SQGs for 28 chemical substances were assembled and classified into two categories 
in accordance with their orginal narrative intent. These published SQGs were then used to develop 
two consensus-based SQGs for each contaminant, including a threshold effect concentration (TEC; 
below which adverse effects are not expected to occur) and a probable effect concentration (PEC; 
above which adverse effects are expected to frequently occur, MacDonald ef a/. 2000a). A 
preliminary evaluation of the predictive ability of these consensus-based SQGs for freshwater 
sediment was conducted using a database of matching sediment chemistry and toxicity which 
included information on 347 samples obtained from 15 studies. The results of these three previous 
investigations demonstrated that the consensus-based SQGs provide a unifying synthesis of the 
existing guidelines, reflect causal rather than correlative effects, and account for the effects of 
contaminant mixtures in sediment (Swartz 1999, MacDonald et a/. 2000a,b). 


A fourth paper in the series evaluated the ability of consensus-based SQGs to predict toxicity in 
freshwater ecosystems using an expanded database of matching toxicity and chemistry (USEPA 
2000a, Ingersoll et a/. 2000). Results of the analyses presented in USEPA (2000a) are summarized 
in the current paper. The primary objectives of the analyses presented in USEPA (2000a) were to: 
(1) evaluate the ability of consensus-based SQGs to predict toxicity in a freshwater database for 
field-coliected sediments in the Great Lakes basin; (2) evaluate the ability of SQGs to predict 
sediment toxicity on a regional geographic basis elsewhere in North America; and, (3) compare 
approaches for evaluating the combined effects of chemical mixtures on the toxicity of field- 
collected sediments. 


METHODS 


Individual SQGs for freshwater ecosystems have previously been developed using a variety of 
approaches (MacDonald ef a/. 2000a). Each of these approaches has certain advantages and 
limitations which influence their application in the sediment quality assessment process (Ingersoll ef 
al. 1997). In an effort to focus on the agreement among these various published SQGs, 
consensus-based TECs and PECs were developed by MacDonald et a/. (2000a) for 28 chemicals of 
concern in freshwater sediments (metals, PAHs, PCBs, and pesticides). The TECs were calculated 
by determining the geometric mean of the previously published SQGs that were included in this 
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category. Likewise, consensus-based PECs were calculated by determining the geometnc mean of 
the PEC-type values (MacDonald ef ai. 2000a). The geometric mean, rather than the anthmetic 
mean or median, was calculated because it provides an estimate of central tendency that is not 
unduly affected by extreme values and because the distributions of the SQGs were not known 
(MacDonald es al. 2000a). Consensus-based TECs or PECs were calculated only if three of more 
published SQGs were available for a chemical substance or group of substances. The evaluations of 
sediment toxicity in the present study were based on the use of PECs because TECs were developed 
to provide an estimate of chemical concentrations that would not be expected to be toxic while the 
PECs were developed estimate chemical concentrations that are expected to be toxic. PECs were 
considered reliable if more than 75% of the samples with concentrations exceeding the PEC were 
toxic (MacDonald et al. 2000a). These drv-weight normalized PECs included: arsenic (33.0 g/g), 
cadmium (4.98 »g/g), chromium (111 pg/g), copper (149 g/g), lead (128 pg/g), nickel (48.6 pg/z), 
zinc (459 g/g), total PAHs (22.8 jig/g), total PCBs (0.676 g/g), and sum DDE (0.0313 g/g). 
Evaluations of SQGs in the present study were based on dry-weight concentrations because previous 
studies have demonstrated that normalization of SQGs for PAHs or PCBs to total organic carbon or 
normalization of metals to acid-volatile sulfides did not improve the predictions of toxicity in field- 
collected sediments (Ingersoll ef a/. 1994; Long et al. 1998b; USEPA 2000a). 


In USEPA (2000a), a database was .ievcloped from 92 published reports which included matching 
sediment chemistry and toxicity data for a total of 1657 samples. The database was comprised 
prmanily of 10- to 14-day or 28- to 42-day toxicity tests with the amphipod Hyaleila azteca 
(designated as the HA10 or HA28 tests) and 10- to 14-day toxicity tests with the midges Chironomus 
tentans or C. riparius (designated as the CS10 test). Endpoints reported in these tests were primarily 
survival or growth. Toxicity of samples was determined as a significant reduction in survival or 
growth relative to a control or reference sediment (as designated in the orginal study or determined 
using appropriate statistic a] procedures). 


Because field-collected sediments typically contain complex mixtures of contaminants, the accuracy 
of a sediment assessment is likely to increase when SQGs are used in combination to classify 
toxicity of sediments. For this reason, the evaluation of the predictive ability of PECs was 
conducted to determine the incidence of effects above and below various mean PEC quotients (mean 
quotients of 0.1, 0.5, 1.0, and 5.0). A PEC quotient was calculated for each chemical in each sample 
in the database by dividing the concentration of a chemical by the PEC for that chemical. A mean 
quotient may be calculated for each sample by summing the individual quotient for each chemical 
and then dividing this sum by the number of PECs evaluated. 


VIll - 30 X8Y 











Proceedings of the Seventh Federal Interagency Sedimentation Conference. March 25 tc 2%. 2001. Reno. Nevada 


RESULTS AND DISCUSSION 


Evaluation of approaches used to calculate PEC quotients: When mean quotients were calculated 
using an approach of equally weighting up to 10 reliable PECs (PECs for metals, total PAHs, total 
PCBs, and sum DDE), there was an increase in the incidence of toxicity with an increase in the mean 
quotient in all three tests (USEPA 2000a). For example in the HA10 test, the incidence of toxicity 
was 20% at mean quotients of <0.1 and increased to 67% a mean quotients of >5.0. Similarly, for 
the CS10 test there was a 20% incidence of toxicity at mean quotients of <0.1, increasing to a 64% 
incidence of toxicity at mean quotients of >5.0. In contrast, the incidence of toxicity in the HA28 
test was only 8% at mean quotients of <0.1 and increased to 91% at mean quotients of >1.0. In all 
three tests, there was a Consistent increase in the toxicity at mean quotients of >0.5. However, the 
overall incidence of toxicity was greater in the HA28 test compared to the short-term tests. 





The incidence of toxicity at mean quotients of <0.1 was somewhat higher in the HA10 and CS10 
tests (20%) compared to the HA28 test (8%). This toxicity at low mean quotients does not appear to 
be related to total organic carbon in sediment. There was insufficient information in the database to 
evaluate effects of grain size on toxicity. Unmeasured contaminants in these field-collected 
sediments or contaminants for which we do not have reliable PECs (1.¢., pesticides, herbicides; 
MacDonald <! ai. 2000a) may have contributed to this toxicity at low mean quotients. Alternatively, 
the data for HA10 and CS10 tests were obtained from numerous laboratones, which may have 
contributed to variability in the data reported in these studies. In contrast, a limited number of 
laboratones conducted most of the HA28 tests. 


We were also interested in determining the predictive ability of PEC quotients for major classes of 
compounds. Therefore, we evaluated the incidence of toxicity based on 2 mean quotient for metals, 
a quotient for total PAHs, or a quotient for total PCBs. Different patterns of toxicity associated with 
the various procedures for calculating quotients were observed. For example in the HA28 test, a 
ep an ry mg eg yn pe ra 

alone, compared to the gradual increase in toxicity observed with quotients calculated using a 
combination of metals, PAHs, and PCBs. These analyses indicate that the different patterns in 
toxicity may be the result of unique chemical signals associated with individual contaminants. While 
mean quotients can be used to classify samples as toxic or non-toxic, individual quotients might be 
useful for helping to identify substances that may be causing or substantially contributing to the 
observed toxicity. 


Evaluation of exposure duration and endpoints measured in toxicity tests: We evaluated the 
relationship between mean PEC quotients and the incidence of toxicity as a function of the duration 
of the exposure or of the endpoints measured in the toxicity tests (Figure 1). Samples within each 
test were ranked in ascending order by mean quotient. The incidence of toxicity and geometric 
mean of the mean quotients within groups of 20 samples for the HA10 and CS10 tests or within 
groups of 10 samples for the HA28 test was then plotted (Figure 1, USEPA 2000a). 





In Figure 1, samples were classified as toxic based on an adverse effect on survival alone or based on 
an adverse effect on survival or growth in the three tests. The relationship between the incidence of 
toxicity and the geometric mean of the mean quotients was best described by a three parameter 
logistic model (Figure |; see USEPA 2000a for the equations and coefficients). The best fit of the 
data was observed in the HA28 test (r2 = 0.79 to 0.93) relative to the HA10 test (r2 = 0.73 to 0.78) or 
CS10 test (r2 = 0.56 to 0.76; Figure 1). The incidence of toxicity increased with increasing level of 
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contamination ii all three tests. This increase was particularly pronounced at mean quotients of >0.5 
in all three tests. In the HA1O test, the relationship between toxicity and mean quotient was simular 
when either survival alone ¢ survival and growth together were used to classify a sample as toxic. 
However, in the HA28 and CS10 tests, the relationship between the incidence of toxicity and mean 
quotient was different when survival or growth were used to classify a sample as toxic compared to 
survival alone (Figure 1). 


The incidence of toxicity in the HA28 and CS10 tests based on survival or growth was often double 
the incidence of toxicity based on survival alone at mean quotients of >0.3. A 50% incidence of 
toxicity in the HA28 test corresponds to a mean quotient of 0.63 when survival or growth were used 
to classify a sample as toxic (Figure 1). By comparison, a 50% incidence of toxicity is expected at a 
mean quotient of 3.2 when survival alone was used to classify a sample as toxic in the HA28 test. In 
the CS10 test, a 50% incidence of toxicity is expected at a mean quotient of 9.0 when survival alone 
was used to classify a sample as toxic or ai a mean quotient of 3.5 when survival or growth were 
used to classify a sample as toxic. in contrast, similar mean quotients resulted in a 50% incidence of 
toxicity in the HA10 test when survival alone (mean quotient of 4.5) or when survival or growth 
(mean quotient of 3.4) were used to classify a sample as toxic. 


There was a slightly elevated incidence of toxicity at the very lowest mean quotient in all three tests. 
Long et al. (1998a) also observed an elevated incidence of toxicity with marine amphipods at low 
mean quotients. Long ef al. (1998a) suggested that these samples were sometimes fine-grained 
sediments with low concentrations of organic carbon and detectable concentrations of butyltins, 
chlorinated pesticides, alkyl-substituted PAHs, ammonia, or other substances not accounted for with 
the SQGs. In the present study, the incidence of toxicity at low mean quotients did not appear to be 
related to total organic carbon in sediment. There was insufficient information in the database to 


evaluate effects of grain size on toxicity. However, ASTM (2000) and USEPA (2000b) reported that 
amphipods and midges were relatively intolerant to effects of sediment grain size. 


Results of these analyses indicate that both the duration of the exposure and the endpoint measured 
can influence whether a sample is found to be toxic or not. Comparisons of the sensitivity between 
these tests needs to be made with some caution. There were very few samples in the freshwater 
database where tests were conducted using splits of the same samples. Therefore, the differences 
observed in the responses of organisms may also be due to differences in the types of sediments 
evaluated in the individual databases for each test. Nevertheless, it appears that longer-term tests in 
which survival and growth are measured tend to be more sensitive than short-term tests, with acute 
to chronic ratios on the order of 6 for H. azteca. Similar differences in sensitivity of H. azteca have 
been observed in 10- and 42-day water-only exposures to cadmium or DDD (unpublished data). 


Evaluation of the predictive ability of mean PEC quotients across |.\ . geographic areas in 
the database: In USEPA (2000a), we chose to make comparisons acr’ s . graphic areas using 
mean quotients calculated by equally weighting the contribution of the ice major classes of 
compounds (metals, or PAHs, or PCBs). This approach assumes that these three diverse groups of 
chemicals exert some form of joint toxic action. Use of this approach also maximized the number of 
samples that were used to make comparisons across geographic areas. Generally, there vas an 
increase in the incidence of toxicity with increasing mean PEC quotients within most of the regions, 
basins, and areas for ali three toxicity tests. For the HA10 and HA28 tests, the incidence of toxicity 
for samples from each of the Great Lakes and within the areas of each Great Lake was relatively 
consistent with the overall pattern of toxicity in the entire database. However, the relationship 
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between the incidence in toxicity and mean quotients in the CS10 test was more vanable among 
geographic areas compared to either the HA10 or HA28 test. The results of these analyses indicate 
that the consensus-based PECs can be used to reliably predict toxicity of sediments on both a 


This paper summanzes the results of the first analyses completed on the entire freshwater sediment 
database. Some of the additional analyses planned for the database include: (1) comparing 
approaches for designating samples as toxic, (2) evaluating logistic-regression models, (3) 
identifying a list of optimal analytes for broad scale application and testing the relative efficacy of 
the mean versus the sum of PEC quotients, (4) evaluating the influence of grain size and ammonia 
on the incidence of toxicity, and, (5) developing a guidance manual for conducting an integrated 


assessment of sediment contamination. 
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COMPARISON OF SEDIMENT AND NUTRIENT TRANSFORT AND BEST MANAGEMENT 
PRACTICES WITHIN THE YAZOO RIVER BASIN, MISSISSIPPI 


By Jonathon D. Schreiber, USDA-ARS National Sedimentation Laboratory, Oxford. Mississippi. 


Richard A. Rebich, U.S. Geological Survey, Pearl, Mississippi: 
Charies M. Cooper, USDA-ARS Nati wal Sedimentation Laboratory, Oxford, Mississippi. 


Abstract: The Yazoo River Basin mm Mississepp: 1s one of the most productive agricultural areas within the US 
The basin us characterized with two distinct physiographic regions, the uplands. and the Mississepg: River Alluvial 
Plaan, locally referred to as the Delta. In recent years, much attention has been placed on understanding the effects 
of nonpoint source pollution within the enture Yazoo Basin Such understanding requires information on the source 
of pollutants, quantshes in transport, mode of transport, and the transient nature of pollubon events Data from 
three separate studies in the two physiographac regions of the Yazoo River Basin were compared to evaluate the 
effects of nonpowt source pollution. The studies were conducted at different penods of tame from 1974 to the 
present. One of the studies was located in agricultural areas in the Mississapp: Delta, another study was located in 
the agncultural areas in the Uplands, and the third study was located in forested areas in the | /plands (representing 
umumpaired conditions) In addition, best management practices (BMP’s) implemented to reduce nonpoint source 
pollution were also observed as part of the studies. From all three genera! study areas, single large transient 
(temporary contaminating occurrences) storm events transported a significant portion of the annual sediment load 
Sumularty, for all the study areas, a few storms transported a significant portion of the annua! nutrnent loads generally 
following fertihizaton of the two agncultural areas. With regard to the reduction of nonpoint source pollution, the 
studies indicated that for the agncultural areas in the uplands _nd Mississipp: Delta a conservation tillage BMP 
approach reduced sediment loads as much as 82 to 98%. For both the uplands and Mississipp: Delta agncultural 
watersheds, a conservation tillage BMP approach also resulted in a substantial decrease in the nitrogen and 


phosphorus loads via sediment transport 
INTRODUCTION 


Diffuse, or nonpoint source, pollution in the United States has only received national attention within the last 
decade. Prior to this time, most of the legislation concerning surface water protection has primarily dealt with pommt 
source pollution such as industrial and municspal discharges. Initially, states were the first to accept responsibility 
for surface water protection with little federal involvement. However, the US. Congress in the carly 1960's was not 
satisfied with the states’ progress in pollution contro! and passed the Water Quality Act of 1965 requiring each state 
to adopt water quality standards better than or equal to those of the federal government. Furthermore, the act 
fundamentally changed the role of the federal government from one acting as advisor to the states to one of taking 
the lead in water pollution control In the early 1970's Congress felt that the states had failed to enact comprehensive 
water quality control legislanon (Beck, 1991). This fact, along with the impact of the environmental movement of 
the tame, led to the passage of the Federal Water Quality Control Act Amendments of 1972, commonly known as 
Pi. 92-500 and/or the 1972 Clean Water Act (CWA). With only relatively small revisions, this piece of legislation 
became the framework for water polluvon contro! policy during the past 20 years {| | 


When the CWA was passed in 1972, human health and the use of surface waters were the driving issues of the ime 
It 1s clear that in the 1990's ecosystem health and integrated management of water quality on a watershed basis are 
the issues of concern [2]. The CWA establishes a national goal of “fishable and swimmabile™ waters. Sull, many 
waters in the U S do not meet this goal with diffuse pollution now being blamed for a large portion of the problem 
Thus, CWA section 30d) addresses these remaimung waters by requiring the states to develop and umpiement T otal 
Maximum Daily Loads (TMDL's) standards to achieve water bodies that are fully functional ecologically [3] 


Diffuse pollution in the southern United States is of major concern because of the region's abundant water 
resources. Six major activities in the southern United States contribute to diffuse pollution; these include 
agriculture, silviculture, muning, construction, urban, and atmospheric deposition in the southern United States 
agriculture is by far the most prevalent source of diffuse pollution, and sediment remains the single most umportant 
water quality problem 


Vill - 36 AW 








Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


The Yazoo River Basin has two distinct physiographic regions within its drainage area. The uplands urea is 
characterized by streams that have relatively steep slopes and deep-incised channels. The region is largely forested 
with some agricultural areas. In contrast, the region locally referred to as the Delta is one of the most productive 
agricultural regions im the nation. Drainage in the Delta can be characterized by low slopes that cause frequent 
backwater flooding conditions. The waters are extremely sediment-laden, and potentially there is concern that 
excessive nutrients in the agricultural runoff may cause eutrophic conditions and ultimately extreme water quality 
problems such as fish kilis. These are only a few of the general differences that exist within the regions of the 
Yazoo River Basin. 


The purpose of this paper is to examine-several decades of research within the Yazoo River Basin and to make 
comparisons among the physiographic regions. Specifically, this paper will address: (1) sumilarities and differences 
in diffuse pollution from these two regions; (2) the effectiveness of selected best management practices (BMP’s) in 
the remediation of diffuse pollution. 


STUDY AREAS, STUDY PERIODS, AND RESEARCH METHODS 


Upland — Agricultural — Nelson watersheds: This water quality research was conducted on the Nelson Research 
Farm in Tate County in the northern part of Mississippi from the water years (WYs) 1990 to 1993. The study 
compared two watersheds: one with no-till soybeans (2.13 ha) and one with conventional-till soybeans (2.10 ha). 
The soils were highly erodible loess within the Loring Sernes. Each watershed was instrumented for discharge- 
weighted composite sample collection (Cullum et al., 1992). Following 0.45 m filtration, both sediment and 
aqueous phases of surface runoff were analyzed for plan‘ nutrients (Schreiber and Cullum, 1998). 





Upland — Forested — Coffeeville watersheds: The forested water quality research was conducted in Yalobusha 
County in the north - central part of Mississippi. The five study watersheds, 1.49 to 2.81 ha, were established to 
pine in 1939 on severely eroded agricultural land. Soils were developed from Coastal Plain sediments overlain by a 
shallow loess mantle and include the Providence, Memphis, Loring, Smithdale, and Collins Series. On each 
watershed a Coshocton wheel set below a 0.91 m H-flume diverted 0.5% stormflow into containers. Thus, one 
composite sample was collected during each storm event. Both sediment and aqueous phases of runoff were 
analyzed for plant nutrients. Sediment (Duffy et al., 1986), P (Duffy et al., 1978), and N (Schreiber et al., 1980) 
were measured for the WYs*74-'78, ‘74, and ‘75, respectively. 





Delta — Agricultural - MSEA watersheds: The U.S. Geological Survey (USGS) began operation of a water 
quality monitoring network in 1995 as part of the Mississippi Delta Management Systems Evaluation Areas 
(MDMSEA) project. The USGS currently operates nine sites in three watersheds. The watersheds have various 
degrees of BMP’s installed in each: the first watershed has no MDMSEA-sponsored BMP’s, the second watershed 
has primarily structural-type BMP’s, and the third watershed has a combination of structural and cultural BMP’s 
(Rebich, 1997). 





The scope of the USGS research presented in this paper focuses on two of the study sites. The first sampling site is 
located in the watershed that has no MDMSEA-sponsored BMP’s. It is located at the edge of a 5.7 - ha field that 
has been in conventional-tillage (2-yr. cotton and | yr. soybeans) throughout the life of the project. Soils in this 
field are generally heavy clay. The second sampling site is located in the watershed that has a combination of 
structural and cultural BMP’s. It drains both a conservatica-till cotton field and conservation-till soybean field. In 
addition, winter wheat has been planted each year during the fall and winter after harvest to provide cover for these 
fields as a means of protecting the soil from erosion losses. The total drainage area is about 9.9 ha, and the soil 
types are a sandy and sandy-loam combination. 


Each site is instrumented with flumes to measure total flow during rainfall/runoff events and automated samplers to 
collect discharge-weighted water-quality and sediment samples. Data presented in this paper were for the 1997-99 
WY’s 
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RESULTS AND DISCUSSION 


Upiand — Agricultural — Nelson watersheds 

Sediment in surface runoff: For the ‘90 to ‘93 WY, the mean discharge-weighted sediment concentrations in the no- 
ill soybean runoff were 319, 67, 105, and 80 mg/L, respectively (mean sediment concentration for the entire study 
period was 129 mg/L, Table 1); sediment loads were 1,050, 455, 375, and 136 kg/ha, respectively (mean sediment load 
for the entire study period was 504 kg/ha). In contrast, the ‘91 to ‘93 WY mean discharge-weighted sediment 
concentrations in runoff from the conventional-till soybean watershed were 3,569, 5,241 and 1,270 mg/L, respectively 
(mean concentration for the entire study period was 3,623 mg/L); mean sediment loads were 31,928, 22,994, and 2,898 
kg/ha, respectively (mean sediment load for the study period was 19,273 kg/ha ). Thus, for the study period, no-till 
soybeans resulted in over a 97% reduction in sediment load. 





Transient pollution events can occur on a plot, watershed, or large drainage scale (Schreiber et al., 1996). Although 
temporary in nature, such events can be relatively short to long term and can occur diurnally as well as annually. 
The cause of these events may be natural, man made, or a combination of both. Transient events may be 
responsible for the transport of large quantities of sediment, nutrients, and pesticides; some storm events produce 
nearly the annual load. For example, over a four year study of soil loss from these soybean watersheds, the storm with 
the highest sediment concentration resulted in a percentage of the total yearly sediment load that ranged from 17-72% 
to 37-60% in runoff from the no-till and conventional-till watersheds, respectively. Rainfall distribution frequency as 
related to spring tillage appeared to play the domunant role in producing the high sediment concentrations im runoff. At 
other tumes antecedent soil moisture was important (Schreiber and Cullum, 1998). 


Soluble nutrients in surface runoff: The mean discharge-weighted soluble nutrient concentrations in surface 
runoff for the Nelson watersheds are presented in Table 1. The higher soluble nutrient concentrations in runoff 
from the no-till compared with the conventional-till watershed are most likely due to the leaching of accumulated 
soybean and weed residues, and the lack of sorption surfaces in runoff. The distribution of PO,-P concentrations in 
runoff differed significantly between the tillage systems throughout the study period. The distribution of NH,-N 
concentrations differed significantly during the ‘91 WY, and those of NO,-N foi the 92 WY (Schreiber and Cullum, 
1998). The much higher suspended sediment concentration runoff from the conventional-till watershed would sorb 
soluble phosphorus, thereby reducing soluble PO,-P concentrations in runoff. 


Soluble nutrient loads for each tillage system are presented in Table |. For the study period, only the distribution 
functions of soluble PO4-P loads differed significantly between the two tillage systems. Despite lower runoff from 
the no-till watershed for all WY's, the soluble PO,-P loads for the study period were about five times that of the 
conventional-till watershed due to the higher concentrations of soluble PO,-P (Schreiber and Cullum, 1998). 


In general, soluble nutrient concentrations in runoff showed similar seasonal trends for both tillage systems. Lowest 
nutnent concentrations in runoff were observed during the winter and early spring months, a time period of minimal 
microbiological activity. A number of biological, chemical, and cultural factors, along with rainfall distribution act 
concurrently to produce transient pollution events in surface runoff. Runoff-producing events shortly after broadcast 
applications of fertilizer to no-till and conventional-till soybeans can result in soluble phosphorus transient pollution 
events. These dramatic increases in PO,-P were most noticeable in runoff from the no-till watershed due to the lack of 
sediments to sorb soluble PO,-P. As an example, the highest PO,-P concentration in runoff from the no-till and 
conventional-till watersheds was 23 and 6 mg/L, respectively, on May 16, 1991, just 2 days after a broadcast 
application of 0-20-20 fertilizer. Furthermore, these storm events transported 18 and 3 % of the yearly total soluble 
PO,-P loads from the watersheds, respectively. Similar observations were made for each WY of the study period. 
Phosphorus is considered to be a key limiting nutrient in eutrophication processes. 


Sediment nutrients in surface runoff: Soluble loads of nutrients from the no-till watershed represented almost all 
of the N and P nutrient loads because sediment concentrations and loads were low (Table 1). Compared to the no-till 
watershed, sediment-associated nutrient loads from the conventicnal-till watershed are a substantial 
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Table 1. Mean physical and chemical parameters of runoff from selected Mississippi watersheds for various study 


periods, (mm/yr, millimeters per year; mg/L, parts per million; kg/ha/yr, kilograms per hectare per year; conv.-tll, 
conventional tillage; cons.-till, conservation tillage) 























PHYSICAL 
Sediment 
Rainfall Runoff | Concentration® Load 
mavyr = mnvyr mg/L kg/ha/yr 
Nelson (agricultural)' 
conv -till 1431 532 3,623 19,273 
no-till 1393 392 129 504 
Coffeeville (forested)* 1510 170 112 183 
Delta (agricultural)° 
conv.-till 1100 742 1492 11,073 
cons. +till 1189 564 593 3,342 
SOLUBLE CHEMICAL 
Concentration Load 
PO4P NH4N #£'NNOSN PO4P NH4N #£'NOB-N 
mg/L mg/L mg/L. kg/ha/yr kg/ha/yr kg/ha/yr 
Nelson (agricultural)' 
conv.-till 0.09 0.16 0.50 0.48 0.86 2.61 
no-till 0.57 0.26 0.63 2.06 0.98 2.35 
Coffeeville (forested)? 0.01 0.20 0.01 0.03 0.42 0.03 
Delta (agriculturai)” 
conv.-till 0.08 0.15 1.67 0.59 1.12 12.42 
cons.-till 0.17 0.12 0.55 0.98 0.70 3.29 
SEDIMENT CHEMICAL 
Concentration Load 
N P N Pp 
mg/kg mg/kg kg/halyr kg/ha/yr 
Nelson (agricultural)' 
conv -till 617 636 11.60 12.21 
no-till 4,552 1,905 1.54 0.92 
Coffeeville (forested)’ 3,553 515 0.40 0.21 
Delta (agricultural)° 
conv.-till 2,122 416 23.50 4.61 
cons -till 2,977 811 9.95 2.71 





‘Water years 1990-1993. (Data from Schreiber and Cullum, 1998). 

? Segmented research inclusive of water years 1974-1978. (Data from Duffy et al., 1978; 
Duffy et al., 1986; Schreiber et al., 1980). 

> Water years 1997-1999. 

* All sediment and nutrient concentrations are discharge weighted. 
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portion of the soluble plus sediment nutrient load (Table 1). A portion of the P associated with the sediment can be 
bio-available to aquatic organisms (Sharpicy, 1993). For both N and P, total nutrient (soluble plus sediment) loads 
were reduced by nearly a factor of five with the no-till system for soybeans. 


In addition, another important pollutant to aquatic ecosystems, sediment, was reduced by as much as 97 percent. 
However, under no-till soybeans, soluble P loads increased four to six fold compared to the conventional-tll 
soybeans. As mentioned earlier, this increase in soluble P transport is related directly to the lack of sediment 
present to sorb the soluble P. The soluble loads of N (NO,-N + NH,-N) were about the same for both tillage 
systems (Schreiber and Cullum, 1998). 


Upland — Forested — Coffeeville Watersheds 

Sediment in surface runoff: Sediment transport research from five pine forested watersheds in northern 
Mississippi indicates that channel morphology plays an unportant role in sediment producing events (Duffy et al., 
1978; Schreiber and Duffy, 1982; Schreiber et al., 1980). Sediment concentrations differed among watersheds 
(WS), but in general were not correlated with stormflow volume. Mean sediment concentrations ranged from 49 
mg/L for WS | to 228 mg/L for WS 3 for the study period (mean sediment concentration for the study period was 
112 mg/L, Table 1). Watersheds 1 and 2 with low sediment concentrations have well covered broad channels 
without steep banks. In contrast, WS 3, 4, and 5 with higher sediment concentrations have incised channels with 
exposed banks which are prone to frost heaving and wetting drying cycles that deposit loose materials in channels. 
Occasional (transient) large storms flush these deposits from the channels, and also cause some headward cutting. 
Over the period 1976-78 the largest storm event accounted for 26 to 97 % of the total yearly sediment load. 
Sediment loads for all watersheds averaged 183 kg/ha/yr for the study period (Table 1). 





Soluble nutrients in surface runoff: Ammonium N in the stormflow was the dominant form of soluble nitrogen 
(Tabie 1). Solution N concentrations, NH,-N or NO,-N, in individual stormflows did not correlate with stormflow, 
show seasonal trends, or differ among watersheds (Schreiber et al.,1980). However, loads of both NO,-N and NH,- 
N differed among watersheds because of differences in stormflow. Consequently, yearly soluble N loads were 
positively and linearly related to yearly stormflow. 


The yearly mean PO,-P concentration was 0.01 mg/L, 33% of the soluble total P concentration, and did not differ 
among watersheds. In November, when litter fall was near maximum, concentrations of all soluble P forms were 
greatest. This phenomenon was likely associated with mineralization and/or leaching of fresh litter. Lowest P 
concentrations occurred in February. Concentrations of all soluble P forms in stormflow were not significantly 
correlated with either stormflow or sediment concentration. Annual soluble PO,-P loads differed among watersheds 
because of differences in stormflow since concentrations were the same. 


Sediment nutrients in surface runoff: Sediment N concentrations were greatest for sediments from watersheds 
with predominantly loess soils (WS 1 and 2). Sediment N correlated positively with sediment organic matter, but 
not with stormflow or sediment concentration for individual storm events. Yearly mean sediment N concentration 
for each watershed was 5.4 to 10.0 times the mean N concentration of the watershed soil (0-15 cm). Soil and 
sediment N concentrations among the watersheds were correlated with their respective soil and sediment organic 
matter concentrations as linear functions. Nitrogen enrichment of the suspended sediment was attributed to the 
selective-erosion of fine sediments (clay and organic matter) and/or deposition of coarse sediment in transport. 
Since sediment N concentrations for individual storms did not correlate with either sediment concentrations or 
stormflow, sediment N loads for each watershed were a linear function of sediment loads. Sediment N loads were 
50, 50, 41, 49, and 45% of the total N load (solution total N plus sediment N) for WS 1 through 5, respectively 
(Schreiber et al., 1980). 


Sediment total P concentrations differed among watersheds, and were also greatest for sediments from watersheds 
with predominantly loessial soils where soil P was also greatest. Sediment P concentrations were 2.0 to 8.9 times 
those in the watershed soils. This was attributed to the selective erosion of fine sediments and/or deposition of 
coarse sediments in transport. 
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Sediment P loads, like sediment N loads, were a function of sediment concentration, sediment P concentration, and 
stormflow, but in a more complex fashion (Duffy et al, 1978). The mean yearly load of sediment P for the 
watersheds was 0.21 kg/ha - 72% inorganic and 28% organic (Table 1). Yearly sediment total P loads did not differ 
among watersheds, though sediment P concentrations and sediment loads did, since watersheds with the highest 
sediment P concentration had the lowest sediment load. Sediment P loads were 67, 64, 73, 74, and 76% of the total 
P (soluble total P + sediment total P) loads for WS | through 5, respectively. 


As transient large single storms were responsible for the majority of the annual sediment load from five forested 
watersheds in northern Mississippi, we would also expect them also to account for a large portion of sediment 
associated nutnent transport in stormflow. For example, 10 % of the storms accounted for 67 % of the sediment N and 
72 % of the soluble N load; and 63 % of the sediment P and 60 % of the solution total P loads. Other research indicates 
large single storm events transport a significant portion of the annual sediment load from forested watersheds (Martin 
and Hornbeck, 1994). 


Delta — Agricultural - MSEA Watersheds 

Sediment in surface runoff: The mean annual suspended-sediment concentration for the conventional-till site was 
1,492 mg/L for the study period (Table 1). The mean annual suspended-sediment load was 11,073 kg/ha for the study 
period. In looking at the individual storm loads for each water year, the maximum sediment loads were 1,849, 3,402, 
and 2,883 kg/ha, respectively. representing 13, 40, and 28% of their annual loads. 





The mean annual suspended-sediment concentration for the conservation-till site was 593 mg/L for the study period. 
The mean annual suspended-sediment load was 3,342 kg/ha for the study period. For the individual storm loads for 
each water year, the maximum sediment loads were 795, 731, and 828 kg/ha, respectively, representing 21, 21, and 
31% of their annual loads. 


In comparison of the two sites, the mean suspended-sediment load for the conservation-till site was about 70% 
lower than the mean load for the conventional-till site for the study period. For the individual storm loads, the 
maximum sediment loads for the conservation-till site were 57, 79, end 70% lower than the maximum sediment 
loads for the conventional-till site for the 1997-99 WY’s, respectively. 


Soluble nutrients in surface runoff: The mean annual soluble nitrate, ammonia, and ortho-phosphorus loads for the 
conventional-till site were 12.42, 1.12, and 0.59 kg/ha, respectively, for the study period (Table 1). The maximum 
nitrate loads for individual storms were 5.2, 4.1, and 2.5 kg/ha for the 1997-99 WY’'s, respectively, 37, 59, and 16% 
of their annual loads. A cumulative frequency of nitrate concentrations and loads show that very few storms 
generated significant concentrations or loads. For example, 80% of the concentrations were less than about 2.50 
mg/L and 80% of the loads were less than 3 kg per storm event. Most of the high concentrations and loads occurred 
during the first few events following N fertilizer applications in the spring. 





The mean annual soluble nitrate, ammonia, and ortho-phosphorus loads for the conservation-till site were 3.29, 0.70, 
and 0.98 kg/ha, respectively, for the study period. In looking at the individual storm loads, the maximum nitrate loads 
were 0.61, 1.41, and 0.79 kg/ha representing 23, 37, and 19% of their annual loads. Again, these maximum loads were 
observed in the first sampled runoff event after application of nitrogen fertilizers in the spring. 


The mean annual nitrate load at the conservation-till site was about 73% lower than the mean nitrate load at the 
conventional-till site for the study period. Nitrogen uptake by the winter wheat cover crop, as well as N 
immobilization following a spring herbicide burn down, are the suspected reasons for the lower nitrate loads from 
the conservation-till site. Lesser reductions occurred in the mean ammonia loads. No significant reductions 
occurred for the ortho-phosphorus loads. In fact ortho-phosphorus concentrations and loads were higher from the 
conservation tillage sites, and in part, can be attributed to the leaching of cover crop residues. 


Sediment nutrients in surface runoff, The USGS research in the MDMSEA project did not include analyses of 
sediment for attached water quality constituents such as nutnents. However, unfiltered samples were analyzed for 
total (Kjeldahl) nitrogen and total phosphorus. The amount of nutrients that are attached to the sediment can then be 
estimated by subtracting the soluble nutrients from the total nutrients. The mean annual sediment-nitrogen load from 
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the conventional-till site was estimated to be 23.50 kg/ha for the study period (Table |). By subtracting the annual 
ortho-phosphorus loads from the total phosphorus loads, the mean annual sediument-phosphorus load was estumated to 
be 4.61 kg/ha for the study period for the conventional-tll site. The mean sediment-nitrogen load from the 
conservation-till site was estimated to be 9.95 kg/ha for the study period. By subtracting the ortho-phosphorus loads 
from the total phosphorus loads, th« mean annual sediment- phosphorus load was estumated to be 2.71 kg/ha for the 


In comparison of the two sites, the mean sediment-nitrogen load at the conservation till site was about 58% lower 
than the sediment-nitrogen load at the conventional-till site for the study penod. The mean sediment-phosphorus 
load at the conservation till site was about 41% lower than the sediment-phosphorus load at the conventional-till site 
for the study period. 


Total Maximum Daily Lead (TMDL): Total maximum daily load (TMDL) is a new term to many, but the 
concept was presented in the original 1972 Clean Water legislation and in many more recent water-oriented 
documents in the United States. TMDL issues have greatly accelerated in the last four years because of multiple 
lawsuits regarding possible lack of enforcement at the state level. Although many of the issues involved are 
complex, the concept of TMDL is simple. The allowable load of a contaminant in a water body cannot exceed the 
amount (daily or seasonal) of the contaminant that impairs the ecological integrity of the water body. Thus, the 
TMDL is the sum of watershed point source loading plus the sum of non-point source loads plus a margin of safety. 
If the biological community is regarded as poor when compared to a reference community or monitored water 
quality criteria are exceeded, the stream reach, reservoir, or lake is declared impaired. If measurements show the 
biological community to be acceptable but borderline, the water body may be regarded as partially impaired or high 
risk. Nonpoint-source contamination, often associated vith agriculture or silviculture, is generally analogous with 
runoff events. Major causes of impairment in most states include sediment, nutrients, pesticides ard coliforms. 
Meeting TMDL goais in rural areas will necessarily include widespread use of existing and innovative, new best 
management practices. Better control of sediment and runoff from transient events by the practices discussed in this 


CONCLUSIONS 


Data from three separate agricultural studies in the two physiographic regions of the Yazoo River Basin were 
presented in this paper. Some generalized trends were seen throughout each of the studies in spite of differences 
between time periods, time lengths, and different crops and soils. For example, for both the agricultural areas in the 
uplands and Mississippi Delta, a conservation tillage/BMP approach can reduce sediment loads as much as 70 to 
97%. From all three general study areas, single large transient storm events transported a significant portion of the 
annual sediment load. Similarly, for the three study areas, a few storms transported a significant portion of the 
annual soluble chemical loads generally following fertilization of the two agricultural areas. Winter cover crops in 
the Mississippi Delta appear to play a complex role in the reduction of NO,-N loads in runoff. For both the upland 
and Mississippi Delta agricultural watersheds, a conservation tillage/BMP approach results in a substantial decrease 
in the loads of N and P via sediment transport; and in the case of sediment P, loads approach those from forested 
areas that have received no fertilization. In addition to winter cover and conservation tillage, a multitude of other 
techniques are available to combat the diffuse pollution problems currently recognized as causing pervasive damage 
to the Yazoo River Basin environment as well as other watersheds throughout the southern United States. Such 
Watershed scale reduction of sediment and nutrients plays an important role in broader issues. Hypoxia, a global 
phenomenon, accelerated by excessive nutrients, is of concern in coastal waters off every continent. Restoration of 
wetlands and riparian zones will help lessen hypoxia, but reduction of nutrients in agricultural runoff at the field and 
watershed scale will be necr«sary also. While it is certainly necessary to acknowledge the necessity of production 
agriculture to meet ever-increasing human consumption needs, it 1s also necessary to balance those production needs 
with ecological integrity to protect proper environmental functioning. 
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DEVELOPMENT OF SAMPLING DESIGN METHODOLOGY TO REDUCE SUSPENDED SEDIMENT 
DATA COLLECTION ON THE MISSOURI RIVER 


By: 5S. M. Forman P.E., Ph.D., Project Manager, WEST Consultants, Inc., San Diego, California; D. T. 
Williams P.E., Ph.D., President, WEST Consultants, Inc., San Diego, California; and J. 1. Remus Il, 
P.E., Chief, Sediment and Channel Stabilization Section, US. Army Corps of Engineers, Omaha 
District, Omaha, Nebraska. 


Abstract: The U.S. Army Corps of Engineers, Omaha District, in cooperation with the U.S. Geological Survey, 
collects suspended sediment samples twice weekly at three sites along the Missoun River Sioux City, lowa; 
Omaha, Nebraska; and Nebraska City, Nebraska. An assessment of the suspended sediment data collection program 
was undertaken to determine if it was possible to reduce the sampling frequency, or even to halt sampling at one or 
more of these locations for a time, without compromising the precision and accuracy of annual sediment yield 
calculations. The study evaluated the adequacy of the existing data and the effectiveness of alternative sampling 
Strategies. Each sampling site was analyzed independently. The recommended sampling strategy at cach station 
was a seasonal, flow-stratified suspended sediment sampling design having the following properties. |) suspended 
sediment samples that span the entire streamflow range for low, moderate and high water discharges; 2) more 
suspended sediment samples concentrated at streamflow intervals having the largest fraction of the total suspended 
sediment discharge; 3) the number of annual suspended sediment samples necessary to observe shifts in the 
suspended sediment rating curves that can occur in response to changes in the watershed or river; and 4) an adequate 
number of samples that will maintain or improve the precision and accuracy of the suspended sediment rating 
curves. The proposed sampling design required fewer annual sampling events than the current twice-weekly 
sampling scheme. 


INTRODUCTION 


The U.S. Geological Survey, under a cooperative stream gaging program with the U.S. Army Corps of Engineers, 
Omaha District, has collected suspended sediment samples at three sites along the Missouri River since October 
1976 (Sioux City, lowa; Omaha, Nebraska; and Nebraska City, Nebraska. Between October 1976 and September 
1991, point-integrated suspended sediment samples were collected at six-week intervals during the open water 
season. Since July 1992, depth-integrated suspended sediment samples were collected twice weekly except when 
lumited by weather conditions and equipment malfunctions or repairs. 


The objective of this study is to develop a sampling strategy that would reduce the cost of suspended sediment data 
collection at each of the three sampling sites by cither decreasing the number of samples collected at a site or 
discontinuing sampling at a site 3\) together. Discontinuation of suspended sediment sampling 1s not recommended 
because a sufficient number of suspended sediment samples should be collected annually to measure the re~ alts of 
changes in the river or the watershed. Recent research has been directed at developing methods for reducing the 
number of samples required to obtain acceptable suspended sediment discharge estimates. In particular, rating curve 
estimators and statistically based stratified random sampling (Thomas, 1985; Thomas and Lewis, 1993; Thomas and 
Lewis, 1995) are the most popular methods (Cohn, 1995). Since stratifiec andom sampling requires new sampling 
equipment (such as a programmable data logger and an aut: imatic pumping sampler) at a significant additional cost, 
this methodology is not considered in this analysis. Therefore, rating curve estimator methods are used. 


This paper presents theory used to develop the seasonal suspended sediment rating curves, with transformation bias 
correction. The sampling design methodology is then outlined and applied to the suspended sediment data at each 
sampling site. The frequency of sampling events from the current and proposed sampling strategies are compared 
and discussed. 


SUSPENDED SEDIMENT RATING CURVES 


sediment rating curve estimators are best applied to rivers flowing on an alluvial bed with a high 
percentage of the sediment discharge in the sand-size range of 0.062 to 2 mm (American Society of Civil Engineers, 
1975). Since the suspended sediment in the Missouri River is generally within this sand-size range, the rating curve 


estimator approach 1s appropriate for this analysis. 
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A suspended sediment rating curve is an empirical relation between the suspended sediment discharge and the 
streamflow. This relationship is usually defined as a power function. The rating curve parameters can be estimated 
using a log-linear regression mode! and applying the method of least squares. The log-linear regression model 1s 
given by: 

y Bo + BX + (1) 


where Q. is the streamflow; Q, is the suspended sediment discharge; X is In(Q.); Y is in(Q,); 6) and B, are the 
regression parameters, and € 1s the residual random error. 


It 1s assumed that the regression residuals, ¢, are independent and identically distributed normal random variables 
with a mean of zero and variance denoted by 2 which can be estimated from the regression data set by 





1 Mey oz 
oz s* = wag LY O-70P (2) 
where M is the number of observations in the data set. The estimate of Y, denoted by Y , for a given streamflow is 
computed using the following equation: 
Y = Bo + B, nfQ,) (3) 


where Bi) and {, are the least squares estimates of B, and B, (for details, see Ross, 1987) Then, for any given 
streamflow Q,, an estimate of the suspended sediment discharge, denoted by Q, pc, can be obtained from the 
following equation. 


Orc = exp (7) . explo (0, (4) 


Uader the assumption of normally distributed regression residuals, the rating curve estimator in Equation (4) has a 
bias and, in general, systematically underestimates the discharges (Ferguson, 1986; Cohn et al, 1989). The bias 
arises when Y , the natural log of Q, gc, is re-transformed into the original units using Equation (4). Therefore, a 
ion factor must be applied to Equation (4) to obtain more accurate suspended sediment discharge 
measurements. 


The Minimum Variance Unbiased Estimator (MVUE), developed by Cohn et al. (1989), is used to correct for the re- 
transformation bias. The MVUE bias-correction method is used for the following reasons: |) the MVUE bias 
correction factor depends on the streamflow; 2) the MVUE method has zero bias in the long-term suspended 
sediment discharge estimates (Gilroy et al., 1990), and 3) the MVUE estimator has the smallest root mean square 
error associated with the long-term suspended sediment discharge estimates (Gilroy et al., 1990). The MVUE rating 


curve estimator, denoted by QO, wvue . for an individual streamflow is given by: 


0, mvve - Q,. ac en( S240-n)") (5) 
m 


where Q, ac is calculated from Equation (5), m = M ~ 2, g, is the MVUE bias correction factor (Finney, 1941; 


Bradu and Mundiak, 1970) given in Equation (6), and s° is computed using Equation (2). The variance V, which is 
given by Equation (7), is a function of the streamflow value used to estimate the suspended sediment discharge. The 
variable X(i) = In(Q.{/)) for the streamflows in the regression data set and are related as follows 
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Long-term estimates of suspended sediment discharges (such annual or seasonal values) are usually approximated 
by sums of daily suspended sediment discharge estimates computed from daily mean streamflows. Gilroy et al. 
(1990) developed exact expressions for the bias and variance of such sums for the MVUE rating curve estimator 
given in Equation (5). The equations developed by Gilroy et al. (1990) were used to compute the mean square 
errors of the long-term discharge estimates. 


The relanonship between streamflow and suspended sediment discharge may change with temperature, type of 
runoff (rainfall versus snowmelt), properties of the sediment, and characteristics of the drainage basin (topology, 
soils, land use, vegetation cover, eic.). To account for this variability, additional variables can be added to the 
regression equation (Cohn et al., 1992) or the data can be stratified (by season, discharge, temperature, etc.) and 
multiple rating curves can be developed (Colby, 1956). In this study, rating curves are developed for the fall/winter 
(October | through March 31) and spring/summer (April | through September 30) seasons. 


SAMPLING DESIGN METHODOLOGY 


The objective was to design a sampling strategy that minimized the number of suspended sediment samples 
collected at cach sampling site within cach season and discharge strata while |) maintaining the precision and 
accuracy of the suspended sediment rating curve and 2) collecting enough samples to observe shifts in the rating 
curve due to changes in the river or the watershed. The existing suspended sediment data sets were systematically 
thinned to simulate d:ferent sampling strategies. 


The suspended sediment data from cach of the sampling sites were analyzed independently. Because of the 
logarithmic nature of the relationship between the suspended sediment discharge and streamflow, the measured 
flows were divided into equal streamflow intervals on the common log scale. Then the different sampling strategies 
were formulated at cach sampling site as follows. 


1. Each streamflow interval was analyzed independently. The number of samples in a particular 
streamflow interval was systematically thinned (i.¢., 2, 4, 6 or more samples were taken out per 
results from the different thinned data sets were compared to those from the original data set. The 
reduced sample sizes within the given streamflow interval that had similar regression parameters, 
small changes in the estimated suspended sedimeni discharges, and acceptable mean square errors 


2. Step | was completed for each streamflow interval. 


3. Then the onginal data set was thinned simultaneously across all of the streamflow intervals based 
upon the results from Steps | and 2. The resulting regression parameters, total suspended 
sediment discharge estimates and thei associated root mean square errors were compared to those 
from the original data set. The thinning scenario that had the smallest number of samples and that 


resulted in sumilar regression parameters, suspended sediment discharge estimates and acceptable 
mean square errors compared to the original data was recommended 
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Only the depth-integrated samples, which were collected twice weekly since July 1992, were thinned from the data 
sets. There was not a sufficient number of suspended sediment samples collected annually during Water Years 1977 
through 1991 to perform a meaningful thinning analysis. In cach streamflow imterval, the samples were thinned 
within cach season to a specified number using the “last mm, first out” scheme (LIFO) (i... for the fall/winter season, 
samples collected in February were removed before samples collected m January, m a tume-backward sequence) 
The LIFO methodology was utilized because i simulated the process by which the sampling design would be 
implemented in the field. For example, during a particular water year, samples would be collected in Streamflow 
Interval 3 until the number of samples mm that interval equaled the number specified in the sampling design (say in 
January). Then, for that year, further samples would not be collected mm Interval 3 (say m February). 





This approach was used to develop sampling designs for the fall/winter and spring/summer seasons at the Sioux 
City, Omaha and Nebraska City sampling sites on the Missourn River. Each sampling site and season were analyzed 
independently. In order to demonstrate the sample reduction associated with the proposed sampling designs, the 
current twice weekly and the proposed sarmpling schemes were implemented for future water years. It was assumed 
that the flow patterns for this period were the same as the historical patterns from Water Years 1977 through 1999. 
Then the numbers of samples collected under the two sampling schemes were compared. The results of these 


analyses are presented in the following sections. 
RATING CURVES AND SAMPLING DESIGNS 


At each of the sampling sites, the point-integrated samples were generally consistent with the depth-integrated 
samples. There were several suspended sediment measurements at each of the sites, called outhers, which deviated 
significantly from the other measurements for approximately the same streamflow intensity. Since it was assumed 
that all of the suspended sediment measurements were valid, these outhers were included wn the regression analyses 


for rating curve development. 


Sampling Site at Sioux City, lowa: Rating curves and sampling designs were developed for the fall/winter and 
spring summer seasons at the sampling site im Sioux City, lowa. The sampling site is located on the Missouri River 
at the USGS Gaging Station 06486000, “Missouri River at Sioux City, IA”, at River Mile 732.2, which is 
approximately two miles downstream of the confluence with the Big Sioux River. 





During the fall/winter season, 212 suspended sediment samples were collected from the Missouri River at Sioux 
City between Water Years 1980 and 1999. There were 10 point-integrated samples collected between Water Years 
1980 and 1991 and 202 depth-integrated samples collected during Water Years 1993 through 1999. Suspended 
sediment samples were not collected during the fall/winter season of Water Year 1992. All of the point-integrated 
samples were collected during the month of October. The streamflow intervals and recommended samples sizes are 
listed in Table 1. The recommended sample size for Interval | is zero because the strearmflows in this interval do 
not transport a significant amount of sediment. Since the streamflows in Interval 6b are high, infrequent and can 
transport a significant amount of sediment, suspended sediment samples should be collected for all flows im this 
interval. For future Water Years 2000 through 2019, the average annual number of samples collected during the 
fall/winter season under the current and proposed sampling schemes are 52 and 19, respectively. This corresponds 
to an average anual sample reduction of 60 percent during the fall/winter season. 


During the spring and summer seasons, 370 suspended sediment samples were collected from the Missoun River at 
Sioux City. There were 43 point-integrated samples collected during Water Years 1980 through 1991 and 327 
depth-integrated samples collected during Water Years 1992 through 1999. The streamflow intervals and 
recommended samples sizes for the spring/summer season are listed in Table |. Since the streamflows im Interval 5 
are high, infrequent and can transport a significant amount of sediment, suspended sediment samples should be 
collected for all flows in this interval. For future Water Years 2000 through 2019, the average annual number of 
samples collected during the spring/summer season under the current and proposed sampling schemes are 52 and 33, 
respectively. This corresponds to an average annual sample reduction of 36 percent during the spring/summer 
season 
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Table 1. Streamflow umervals and recommended annua! suspended sediment sample sizes for the sampling site 
at Sioux City, lowa. 


Streamflow Range “Sheath 
EE | (ft/s) [= 


Fall/Winter Season: October | through March 31 











Interval | s 9,500 <1% None 
Interval 2 9,501 — 15,000 6% $ 
Interval 3 15,001 — 24,000 16% 5 
Interval 4 24,001 — 38,000 40% & 
Interval 5 38,001 — 60,000 28% 6 
Interval 6a 60,001 - 73,000 ”% 7 
Interval 6b > 73,000 <1% All 











ae 


a April | through September 30 

















< 24,000 <1% 3 
te ; 24,001 ~ 38,000 53% 19 
Interval 3 38,001 — 60,000 33% 24 
Interval 4 60,001 — 94,000 13% 40 
Interval § 94,000 <1% All 
| aI j 





Sampling Site at Omaha, Nebraska Rating curves and sampling designs were developed for the fall/winter and 
spring summer seasons at the sarnpling site at Omaha, Nebraska The sampling site 1s located on the Missoun River 
at the USGS Gaging Station 06610000, “Missouri River at Omaha, NE", at River Mile 615.9, which is 
approximately 300 feet downstream of the Interstate 480 Highway Brndge 





During the fall/winter season, 194 suspended sediment samples were collected from the Missoun River at Omaha, 
Nebraska, between Water Years 1977 and 1999. There were || point-integrated samples collected between Water 
Years 1977 and 1991 and 183 depth-integrated samples collected during Water Years 1993 through 1999 
Suspended sediment samples were not collected during the fall/winter season of Water Year 1992 All of the pount- 
integrated samples were collected during the month of October The streamflow intervals and recommended samples 
sizes are listed in Table 2. The recommended sample size for Interval | is zero because the streamflows in this 
interval do not transport a significant amount of sediment. Since the streamflows in Interval 6b are high, infrequent 
and can transport a significant amount of sediment, suspended sediment samples should be collected for all flows in 
this interval. For future Water Years 2000 through 2022, the average annual number of samples collected during the 
fall/winter season unde: the current and proposed sampling schemes are 52 and 34, respectively This corresponds 
to an average annual sample reduction of 33 percent during the fall winter season 


During the spring and summer seasons, 375 suspended sediment samples were collected from the Missour River at 
Omaha, Nebraska between Water Years 1977 and 1999. There were 46 point-integrated samples collected during 
Water Years 1977 through 1991 and 329 depth-integrated samples collected during Water Years 1992 through 1999 
The streamflow intervals and recommended samples sizes for the spring/summer season are listed in Table 2. The 
recommended sample size for Interval | is zero because there were no streamflows im this interval between Water 
Years 1977 and 1999. Since the streamflows im Interval 5 are high, infrequent and can transport a significant 
amount of sediment, suspended sediment samples should be collected for all flows mm this interval For future Water 
Years 2000 through 2022, the average annual number of samples collected during the spring summer season under 
the current and proposed sampling schemes are 52 and 37, respectively. This corresponds to an average annual 
sample reduction of 28 percent during the spring summer season 
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Table 2 Streamflow micrvals and recommended annua! suspended sediment sample sizes for the sampling site 








at Omaha, Nebraska 
Streamflow Rang: ‘se of 23-Year Suspended Recommended Annual 
Streamflow Inter al (ft’ 's) Sediment Discharge Sample Suze 
Fall/Winter Season: October | through March 31 

Interval | < 11,000 <1% None 
Interval 2 11,001 ~ 18,000 ™ 6 
interval 3 18,001 - 29,000 19% 9 
interval 4 29,001 - 46,000 41% 17 
Interval § 46,001 ~ 73,000 28% 10 
Interval 6a 73,001 ~ 77,000 4% 5 
Interval 6b > 773,000 < 1% All 














Spring/Summer Season: April | through September 30 

















Interval | < 24,000 Oe None 

Interval 2 24,001 ~ 38,000 28% 16 

Interval 3 38,001 - 60,000 48% 1s 

Interval 4 60,001 ~ 97,000 21% 47 

Interval § 97,000 3% All 
1. a! aie 





Site at Nebraska City, Nebraska Rating curves and sampling designs were developed for the 
fall/winter and spring summer seasons at the samplong site at Nebraska City, Nebraska The sampling site 1s located 
on the Missouri River at the USGS Gaging Station 06807000, “Missourn River at Nebraska City, NE“, at River Mile 


562 6, which 1s approxumately one mule upstream of the Highway 2 Bridge 





During the fall winter season, 200 suspended sediment samples were collected from the Missoun River at Omaha, 
Nebraska, between Water Years 1977 and 1999. There were |2 pomt-integrated samples collected between Water 
Years 1977 and 1991 and 188 depth-integrated samples collected during Water Years 1993 through 1999 
Suspended sediment samples were not collected during the fall/winter season of Water Year 1992. All of the pommt- 
integrated samples were collected durimg the month of October’ The streamflow imtcrvals and recommended 
samples sizes are listed in Table 3. The recommended sample size for Interval | is zero because the streamflows in 
this interval do not transport a significant amount of sediment. Since the streamflows im Interval 6 are high, 
infrequent and can transport a significant amount of sediment. suspended sediment samples should be collected for 
all flows im this interval. For future Water Years 2000 through 2022, the average annual number of samples 
collected during the fall winter season under the current and proposed sampling schemes are $2 and 33, respectively 
This corresponds to an average annual sample reduction of 38 percent during the fall winter season 


During the spring and summer seasons, 180 suspended sediment samples were collected from the Missoun River at 
Nebraska City, Nebraska between Water Years 1977 and 1999. There were 43 point-integrated samples collected 
during Water Years 1977 through 1991 and 337 depth-integrated samples collected during Water Years 1992 
through 1999 The streamflow intervals and recommended samples sizes for the spring summer season are listed in 
Table 3. The recommended sample size for Interval | is zero because th were no streamflows im this interval 
between Water Years 1977 and 1999. Since the streamflows mm Interval 6 are high, infrequent and can transport a 
sigmificant amount of sediment, suspended sediment samples should be coilected for all flows m this mterval For 
future Water Years 2000 through 2022, the average annual number of samples collected during the spring/summer 
season under the current and proposed sampling schemes are 52 and 45, respectively. This corresponds to an 
average annual sample reduction of |} percent during the spring surmmer season 
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Table 3 Surcamflow intervals and recommended annual suspended sediment sample sizes for the sampling site 
at Nebraska City, Nebraska 
Streamflow Range % of 23-Year Suspended Recommended Annual 
Streamflow Interval (ft’'s) Sediment Discharge Sample Size 

Fali/Winter Season: October | through March 31 

interval | < 15,000 <1% None 

imerval 2 15,001 — 23,000 6% 7 

interval 3 23,001 ~ 37,000 19% 7 

Interval 4 37,001 ~ $9,000 42% i$ 

Interval $ 59,001 — 82,000 29% 19 

Interval > 82,000 4% All 
Spring/Summer Season: April | through September 30 

Interval | < 23,000 0% None 

Interval 2 23,001 ~ 37,000 Re 7 

Interval 3 37,001 ~ $9,000 43% 3% 

interval 4 $9,001 ~ 93,000 35% 16 

Interval $ 93,001 ~ 139,000 12% 7 

Interval 6 > 139,000 2% All 

=< a all 
CONCLUSIONS 


sediment sampling on the Missouri River at three sampling sites: Sioux City, Jowa, Omaha, Nebraska, and 
Nebraska City, Nebraska When hypothetically implemented for future water years, the proposed sampling designs 
required significantly fewer samples than the current twice-weekly sampling scheme The average annual number 
of samples collected (and would have been collected) unde: the current and proposed sampling schemes for cach of 
the sampling sites are listed in Table 4 More samples were required at the Omaha and Nebraska City sites because 
there was a more scatter in the suspended sediment measurements compared to the Sioux City measurements 














Table 4 Comparison of average annual sample sizes with the twice weekly and proposed sampling schemes at 
the three sampling sites 
7 , T 
Average Annual Sample Annual Average Sample Average Reduction im 
Sampling Site Size with Twice Weekly Size with Proposed Annual Sample Size using 
Sampling Schedule Sampling Scheme the Froposed Sampling 
= 7 
Sioux City, lowa 104 $2 SO 
Omaha, Nebraska 104 72 31% 
Nebraska City, Nebraska 104 79 24% 
aiken a 














The sample sizes for the spring/summer season were generally larger than the sizes for the fall/winter season This 
is because during individual water years, the streamflows were historically concentrated im one or two intervals 
during the spring/summer season, whereas streamflows tended to span several intervals during the fall/winter 


Vill - 50 


204 











Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


season. Also, there was more scatter in the spring/summer data compared to the fall/winter data. Because of this 
large amount cf scatter in the spring/summer data, more data points were required to improve the accuracy of the 
rauing curve. For the spring/summer season, the recommended number of samples generally increased with 
streamflow. More samples were required at higher streamflows for the following reasons: (1) during individual 
water years, higher streamflows transport a larger fraction of the suspended sediment discharge; and (2) historically, 
fewer samples have been collected at the higher streamflows. Therefore, more data points are required at higher 
streamflows to improve the precision and accuracy of the rating curve for these flows. 


The approach used to formulate the sampling strategies resulted in seasonal, flow-stratified sampling designs having 

the fotlowing properties: (1) suspended sediment samples that span the entire streamflow range for low, moderate 

and high water discharges; (2) more suspended sediment samples concentrated at streamflows intervals having the 

largest fraction of the total suspended sediment discharge; (3) number of annual suspended sediment samples 

necessary to observe shifts in the suspended sedimer* rating curves that can occur in response to changes in the 

watershed; and (4) an ade uate number of samples that will maintain or improve the precision and accuracy of the 
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USE OF GLOBAL POSITIONING AND GEOGRAPHIC INFORMATION SYSTEMS 
IN THE HUNTINGTON DISTRICT RESERVOIR SEDIMENTATION 
INVESTIGATIVE PROGRAM 


Coy W. Miller, P.E., Chief, Hydrology and Hydraulics Section, Water Resources 
Engineering Branch, U.S. Army Corps of Engineers — Huntington District, Huntington, 
WV 





Abstract: The Huntington District Corps of Engineers is responsible for a geographic area that 
encompasses southern and central West Virginia, eastern Kentucky, western Virginia, 
northwestern North Carolina and southeastern and central Ohio. The topography of this area 
varies from the hills and mountains of West Virginia to the rolling plains of central Ohio. Within 
this region, the District operates and maintains 35 flood control reservoirs that control 
approximately 34% of the 45,000 square mile drainage area. Several of these flood control 
reservoirs have been in operation for over 60 years and are beginning to experience adverse 
impacts upon authorized project purposes due to sediment accumulation. 





In 1972, the Huntington District established a Reservoir Sedimentation Investigative Program 
(RSIP). The program used traditional survey techniques based upon sediment ranges to develop 
sedimentation rates and trends. In 1997, the District implemented the use of total-bed-profile 
hydrographic surveys based upon global positioning systems (GPS) to determine these rates and 
trends. Output from the GPS surveys can be used in conjunction with geographic information 
systems (GIS) to generate lakebed profiles and drainage basin topographic/land use maps. In 
conjunction with the computed sediment rates and trends, these output results can be used to 
determine critical areas of sediment deposition in the lake that may adversely impact project 
purposes. Based upon this determination, future operation and maintenance decisions can be 
made. 


INTRODUCTION 


US Army Corps of Engineers Engineering Manual (EM) 1110-2-4000 outlines the basic 
objectives for a RSIP. These inciude: functional, operational and planning and design objectives. 
Although the District had been performing sediment surveys since the late 1940's, the District 
implemented a formal RSIP in 1972. The program was established to primarily meet the 
operational objective. As implied by the name, the purpose of this objective is to answer 
questions associated with the operation of the reservoirs. Such needs vary from project to 
project, but in general they include: (1) Criteria for the construction of boat docks, recreational 
facilities and other structures within the reservoir limits to include current knowledge on 
sedimentation. (2) If sediment yield to the project is large in proportion to storage capacities in 
multiple purpose reservoirs, the amount of sediment deposition will be needed for planning 
reallocation of storage and for revising reservoir regulation rules to assure optimum utilization of 
remaining reservoir storage space. (3) Actual depletion of storage capacity will be needed for 
forecasting future availability far enough in advance to permit planning and construction of 
replacement facilities. (4) For modifying regulating outlets and water supply intakes and for 
other facilities adversely affected by sediment accumulations. To date, the Distnct has 
completed sediment survey reports on 25 of the 35 District flood control reservoirs. It should be 
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noted that three of the 10 reservoirs for which no report has been prepared are dry reservoirs and 
one of the ten was only filled in 1992. The computed sedimentation rates for the 25 projects 
range from approximately 0.10 — 2.60 acre-feet/year. 


TRADITIONAL APPROACH TO RSIP 
Survey Procedure: The traditional approach to RSIP has been the establishment of sediment 
survey ranges. Figure | provides an example of a sediment range layout for Charles Mill Lake 
located in the Muskingum River Basin in Ohio. 


Figure 1. 




















The ranges are simply a fixed line across a reservoir along which elevations are measured. The 
traditional survey process involved sampling along the sediment ranges originating from 
permanent monuments. The survey boats were kept on line with the sediment range via land 
based survey crews and radio communication. 


Computational Procedure: Based upon the surveyed elevations along the sediment range, the 
volume of the reservoir was calculated by use of the cross-section:! area method. This method 
involved averaging the end areas of successive ranges and multiplying by the distance between 
the ranges to obtain the intermediate volume. The total volume was coraputed by adding each 
intermediate volume for the entire reservoir length. The volume of sediment deposition was then 
calculated by subtracting the resurveyed capacity from the original lake capacity. 


Results from Traditional Approach: Results from the traditional approach to RSIP consisted 
of tables of results with visualization of the results consisting of plots of historical surveys along 


the sediment ranges and historical plots of lakebed centerline profiles. Figure 2 provides a 
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typical sediment range plot while Figure 3 provides a typical lakebed centerline plot. Provided 
in Table | are examples of historical sedimentation rates for two reservoirs in eastern Kentucky 


developed using the traditional method for a RSIP. 
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CURRENT APPROACH USED IN RSIP 


Survey Procedure: Due to the escalating costs of performing traditional sediment range 
surveys and improvements in the accuracy of GPS surveys, the District, in 1997, implemented 
the use of total-bed-profile hydrographic surveys based upon GPS. In addition to being less 
costly, the procedure is easier, less time consuming, and less personnel demanding. To perform 
the surveys, the District uses a Raytheon Fathometer in conjunction with a Trimble GPS system. 
HYPAC navigation software is used to keep the workboat on predetermined survey transects. 
Figures 4 and 5 provide photos of the equipment set-up aboard the District's workboat. While 
Figures 6 and 7 provide photos of the fathometer and GPS unit, respectively. 





Figure 4. Figure 5. 
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Raytheon Model DE719D0 MK2 Fathomete: 





Figure 6. Figure 7. 


As shown in Table 2, the District has completed seven total bed surveys with five reports 
completed since 1997 





























Table 2. 
LAE ~ FOTAL BED SURVEY 
Feld 

——EE — 7 
Fisttrap + May 1997 +— _Sep-2000 - 
Opwey | ___ Apr-1997 Sep 2000 
Dillon .  Sep-1997 | : 
Chertes Mill ___ Sep19e7 | Sep-2000 
East Lynn ___ Age 1987 
RO. Baaley | Mayp2000 | Sep 2000 
Aluastone Jur-2000 Sap-2000 











Computational Procedure; Output from the GPS surveys can be used in conjunction with G! 


products to determine sediment volume. Using ArcView and ARC/INFO, TIN files are 
developed for original conditions (prior to lake filling) and resurveyed conditions. To generate 
TIN files for the original conditions, topographic mapping of pre-reservoir conditions are 
digitized. For the resurveyed conditions, thc x.v.z data from the GPS survey is converted to 
ground elevations by subtracting the depth component from the pool elevation of the lake at the 
tume of the survey. Once the TIN files are developed, the VOLUME command found in 
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ARC/INFO is used to compute the volume for the orginal conditions and for the resurveyed 
conditions. The sediment volume is equal to the difference between these volumes. These 
resulis can be used to determine critical areas of sediment deposition in the lake that may 
adversely impact project purposes. Based upon this determination, future operation and 
maintenance decisions can be made. 


Results from Current Approach: One of the most significant improvements by the use of the 
current approach to the RSIP involves the visualization of the results. Figures 8 — 11 provide 
examples of the visualization capabilities using the GIS products. Figure 8 shows an example of 
land-use determination using ArcView. Figures 9 and 10 provide examples of Shp files for pre- 
reservoir conditions and for the resurveyed condition with the survey transects shown, 
respectively. An example of visualization of deposition amounts is shown on Figure 11. 
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Figure 10. 
































COMPARISON OF RESULTS USING TRADITIONAL AND CURRENT RSIP 


One of the critical questions to the change in RSIP techniques was how would the results from 
the two techniques compare. Tables 3 and 4 provide comparisons of results from the use of end 
survey data obtained from the use of GPS. However, for the end area computations, transects 
corresponding with the location of the orginal sediment ranges were used. As shown in the two 
tables the results using the two computation procedures are very similar. These results add 
validity to the use of the new RSIP procedure. 
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Table 3. — Fishtrap Lake, Kentucky 
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Table 4. — Dewey Lake, Kentucky 


— oT 





















































Lake ~T5 1TT 

Capacity 

Rate of Sedimentation — “aaa actyr 
CONCLUSION 


Due to rising cost of implementation of a traditional RSIP, the Huntington District has instituted 
a new procedure. This new procedure uses GPS for hydrographic survey and GIS to complete 
the analysis of the sediment survey and to develop the visualization of the results. When 
comparing cost, the traditional method cost approximately $40,000 for the survey and $20,000 to 
complete the report. Using the new procudure, the survey costs have been reduced to 
approximately $10,000. However, the report costs have increased to approximately $30,000 per 
report. Even with this increase in report costs, the total cost for the RSIP has been reduced by 
approximately 33% and as shown in Tables 3 and 4, the results are very comparable. One 
modification to the current RSIP will be made for the next survey. To-date, the surveys have 
been taken on preestablished transects. In future surveys, the path of the workboat wi!! be more 
random. This will allow for a better development of the TIN files. 
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RESIS-II: MAKING THE RESERVOIR SURVEY INFORMATION SYSTEM 
COMPLETE AND USER FRIENDLY 


by Robert F. Stallard, Research Hydrologist, US Geological Survey, Boulder, CO’; 
David Mixon, Hydrologist, US Geological Survey, Boulder, CO; 
David A. Kinner, Hydrologist, US Geological Survey, Boulder, CO; Bruce Worstell, US 
Geological Survey, Sioux Falls, SD’ 


' US Geological Survey, 3215 Marine St (Suite E127), Boulder, CO 80303-1066, USA; tel. 303- 
541-3022, e-mail 
? EROS Data Center, Science and Applications Branch, Sioux Falls, SD 57198 


EXTENDED ABSTRACT 
Here we report on work to update the Reservoir Information System (RESIS) database, referred 
to here as RESIS-II. 


Several decades ago, the member agencies forming the Interagency Subcommittee on 
Sedimentation of the Interagency Advisory Committee on Water Data recognized the importance 
of maintaining a database of sediment deposition in U.S. reservoirs. The database consisted of 
reports. As such, it became the premiere database in the world for evaluating long-term 
sedimentation in reservoirs and long-term erosion in watersheds. Dendy et al. (1973) and Dendy 
and Bolton (1976) summarized the database through 1973. By relating reservoir properties to 
sedimentation rates, these papers have provided a guide for estimating reservoir sedimentation 
world wide. Renwick (1996) summarized the database though 1975, focusing on sediment 
yields as related to the properties of the contributing watersheds. 


In 1996, Steffen (1996) introduced RESIS, a computer-based version of the database using 
INFORMIX software. Currently the database has 5,967 surveys for 1,819 reservoirs across the 
conterminous U.S.. Although digital, this version of the database was not available for desktop 
systems. [t had not been error checked, and it was not linked to other databases such as the 
National Inventory of Dams (NID) or to a Geographic Information System (GIS). Linki: 

GIS, in particular, would provide a powerful tool for assessing how watershed properties ...at 
to reservoir sedimentation. Finally, RESIS did not have an easy procedure for adding new data, 
and few data have been added to RESIS since 1975. This is especially significant in light of 
substantial trends toward use of techniques involving less erosion in agriculture, forestry, and 
grazing, during the last 30 years. The impact of land-use and conservation-practice changes 
should be evaluated to fully assess the t ealth of the nation’s water supply system. 


The Mississippi Basin Carbon Project, MBCP, chose to use the RESIS database as one means for 
evaluating sediment and carbon storage within the Mississippi River Basin. As part of this 
effort, RESIS was transferred to a desk-top computer environment using standard database 
programs (Paradox and Access). In addition to using the original version of RESIS data as the 
core of the new database, RESIS-II, links are being made to (1) the NID, (2) to scanned versions 
of the original primary data sheets, and (3) to a GIS polygon coverage of reservoir boundaries. 
This last feature will, in turn, allow unlimited linkage to all forms of mapped data. To assess 
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quality of the data, a dynamic QA/QC parameter has been added to the database, whereby the 
accuracy of dam location and reservoir survey data are linked into a quality ranking. Finally, a 
front end is being designed that matches the format of the field data sheets so that additional data 
may be added. 


A major impediment to completing RESIS-II has been the inaccuracy of the location of every 
dam in the database. Without an appropnate location, the watershed cannot be delimited in a 
GIS. Many dams are located in Township/Range/Section coordinates by specifying the nearest 
post office. Reservoirs were often named after the owners who have long since changed along 
with the name. After trying several methods for locating dams, we chose an inverse approach. 
We look for all points in the GIS that are near the location indicated and which have the drainage 
area and elevation specified in the database and which are on a stream channel. This may not 
exactly match the dam site because of the effects of the interaction of grid size in the digital 
adequate locations for 1,327 reservoirs (Figure 1). Another 472 reservoirs have been located to 
within 20 km, and 20 reservoirs have no reliable coordinates. 





Figure |. Map of the reservoirs from the RESIS-II database. Black symbols indicate location data 
quality: sold square - fully geolocated; open square - from the National inventory of Dams, open 
diamond - from RESIS; cross - township, section, range, plus - nearest post office. The grey 
circles represent the 50 reservoirs used to test the capabilities of watershed charactenzation using 
a GIS. 
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The MBCP plans to use RESIS-II to model carbon burial in reservoirs (Stailard, 1998, 
Sundquist, et al. 1998). Accordingly, the efficc<y of the use of a GIS to study reservoir 
sedimentation was examined using a small subset of 50, well located reservoirs. GIS data 
selected for use in the MBCP (Sundquist, et al. 1998) were related to reservoir sedimentation. 
For each reservoir, area, relief, mean slope, mean topographic curvature, mean topographic index 
{In( Area/tan($)))}, mean rainfall, soil-organic-matter-content, fraction of agncultural land, 
RUSLE R factor [runoff factor], and RUSLE K factor [soil erodibility] were estimated and step- 
wise regressions were used to identify “controlling” factors influencing sedimentation rates. Of 
these, the K factor had the dominant influence. 


Maintenance of a current and accurate reservoir sedimentation database is essential to many 
societal and managerial issues. Loss of reservoir storage affects water supplies in times of 
shortage and excess. Pressure is building to remove many dams. The quantity and quality of 
stored sediny nt can affect these decisions. RESIS-II, with its links to GIS, will provide a means 
of linking | and-use history and associated chemical loadings to the sedimentation history of 
reservoirs. RESIS reservoirs can serve as metaphors for other reservoirs in a region. Reservoirs 
are also major carbon sinks. Accurate sedimentation models are needed to fully assess the 
importance of this carbon sink. 


Remaining work on the database includes (1) completion of geolocation and watershed 
delimitation, (2) linkage of original data sheets to electronic records [all sheets have been 
scanned], and (3) completion of a suitable front end for data entry and data correction. 
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Figure 1. Reservoirs, iakes, and estuaries sampled 
during 1992-99 for the USGS National Water-Quality 


Assessment Program (multiple lakes samples where 
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RESERVOIR PALEOLIMNOLOGY 


The major differences between natural lakes and reservous (Thornton, 1990) can significantly affect the collection 
and interpretation of cores from these two types of water bodies. Of particular importance are differences in the 
geometry, nature of influent streams, drainage area to surface area (da:sa) ratios, sedimentation rates, and 
sedimentation patterns. Reservoirs are usually elongated in shape and have from one to only a few dominant 
influent strearns, whereas lakes are usually more rounded in shape and often have numerous lower-order influent 
streams. The drainage areas of reservoirs are much larger relative to thew surface areas than are the drainage areas 
of natural lakes (Marzolf, 1990). Many lakes are located in areas of low relief and high precipitation (the upper 
midwest and Florida), whereas many reservoirs are located in areas of higher relief, lower precipitation, and with 
higher suspended-sediment concentrations in streams (Thornton, 1990). All of these factors contribute to relatively 


higher sedimentation rates in reservoirs than in lakes. 


Eight reservoirs and three lakes sampled by the NAWQA program exhibit a wide range of da:sa ratios and 
sedimentation rates (table 1; Wilson and Van Metre, 1999; Van Metre and others, 2000). The reservoirs have da:sa 
ratios ranging from 15 to more than 5,000 and sedimentation rates at the coring locations ranging from 0.11 to 2.74 
g/cm’-yr compared with ranges of about 5 to 500 and 0.07 to 0.41 g/cm’-yr, respectively, in the lakes. The 
correlation coefficient between da:sa rath» and sedimentation rate among these lakes and reservoirs is 0.9. The 
reservoirs with low sedimentation rates are located in areas of relatively low relief and high precipitation, such as 
New York, New Jersey, and Virginia. The reservoirs with the highest sedimentation rates are located in New 
Mexico and Texas. Not coincidently, streams with much higher suspeaded-sediment concentrations are located in 
the southwestern rather than in the northeastern U.S. (Thornton, 1990). 


Table 1. Characteristics of selected lakes and reservoirs and sediment cores. 








LAKES 

Lake Ballinger, WA 
Lake Harriet, MN 
Pairner Lake, IN 
RESERVOIRS 

Lake Anne, VA 
Cochiti Lake, NM 
Lake Fairfax, VA 
Newbridge Pond, NY 
Orange Reservoir, NJ 
Lake Packanack, NJ 
Team Lake, TX 
White Rock Lake, TX 44 





~1770-1997 
1949-97 





1968-96 


1952-97 
1952-97 
1949-97 
1932-97 
1959-96 








For lakes, value is the length of the core. 


These differences lead to several generalities in describing sediment deposition in reservoirs versus lakes. The 
dominance of one or two influent streams and elongated shape lead to longitudinal gradients in sedimentation rates 
and grain-size distributions in reservoirs. The presence of a pre-reservow stream channel and, oftentimes, more 
pronounced lake-bottom topography in reservoirs leads to large variations in sedimentation rates with the greatest 
sedimentation typically in the pre-reservoir stream channel. For example, 3 sediment core collected at a water depth 
of 17.7 m in the pre-reservoir stream channel of Lake Livingston on the Trinity River in East Texas encountered 
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138 cm of lacustrine sediment above the pre-reservou land surface, indicating an average sedimentation rate of 
about 6 cm/yr. In contrast, several cores collected away from the channel in 3 to 6 m deep water in the same part of 
the reservow had lacustrine sediments of about 10 cm or less in thickness (Van Metre and Callender, 1996). Lake 
Livingston also exhibits longitudinal variation in sedimentation. The 138-cm core was collected from approximately 
the middle of the 40-km long reservoir. A core from about three-quarters of the way down the reservom had 

90 cm of lacustrine sediment, and a core from near the dam had 52 cm of sediment. These patterns are typical of 
many of the reservoirs sampled by the USGS: much greater sedimentation in the pre-reservou channel and 
decreasing sediment thickness in the down-reservow direction. Natural lakes, with generally smoother bottoms and 
more distributed sediment inputs, typically have more evenly distributed sedimentation. 


Sampling: The coring tools used by the USGS NAWQA program include gravity and piston corers that can coilect 
cylindrical 6-cm diametc sores from a few tens of cm to about 4 m in length and box corers that are 14-cm square 

and from 20 to 100 cm in length. The gravity and piston corers have the advantage of collecting longer cores but the 
disadvantages, relative to the box corers, of more disturbance in the core and a smaller volume of sediment for a 


given length of core. 


During most of the studies conducted for the NAWQA program, the primary objective of reservou paleolimaology 
was to describe trends in hydrephobic organic conzpounds and trace elements over a several-decade or more time 
span. Within-reservoir spatial variability in sediment chernistry, a factor in site selection, was not usually an 
objective; thus, only one location was sanipled in many reservoirs and lakes. Site selecnon vaned somewhat 
depending on the lake or reservou size, sedimentation rate, and geometry. Selecting a sampling site m a typical 
reservou is a balance between three competing objectives. These objectives, and a bref rationale for each, are: 


1. Obtain as thick a sequence of lacustrine sediments as possible. Higher sedimentation rates and thicker 
sediments improve the temporal resolution of sampling and reduce the effects of post-depositional mixing 
and diagenesis on obscuring trends. 


2. Penetrate to the pre-reservou land surface to assure the longest temporal record possible and provide a 
reliable date marker at the bottom of the core. 


3. Sample undisturbed, relatively homogeneous fine-grained sediments. To obtain a sample adequate to 
describe long-term trends, the sediments cored must not be disturbed by near-shore wave acthon, penodic 
exposure during low water penods, dredging, or episodic erosion by floods. The tendency of trace elements 
and organic carbon to positively correlate to finer grain-size particles (Horowitz and Elnck, 1987) results 
in higher concentrations and higher freouencies of detection in fine-grained sediments. The sorting achon 
of a reservou leads to generally very homogeneous, fine-grained sediments in the middie and lower parts 
of the reservoirs and improves the confidence in the interpretation of trends in a core by reducing “ natural” 
vanability among sub-samples of the core. 


Sediments in reservous are deposited preferentially im the pre-reservou stream channe|. Deposits are generally 
thickest in the upper part of the reservoir where a delta forms. Sedimentation surveys 'n Cochiti Lake on the Rio 
Grande provide a good example. The lake was formed in 1975 and, like other reservoirs in the southwestern U S., 
has very high sedimentation rates. By 1996, sediments in the pre-reservow channel of the Rio Grande formed a very 
thick delta, as much as 20 m, resulting in a linear sedimentation rate of about | m/yr. There is a “delta front” with a 
relatively steep face about 8 km downstream from the orginal upper end of the lake Downstream from the delta 
front, the sediments in the channe! gradually thin to about 3 m near the dam. Several gravity cores were collected 
for the USGS studies at a site just off the maim channel of the Rio Grande near the dam to obtain samples over the 
entire sequence of lacustrine sediments. The thickness of lacustrine sediments in the cores ranged from | 20 to 156 
cm (Wilson and Van Metre, 1999). 


Where sedimentation rates are low and the thickness of lecustrine sediments 1s about 50 cm or less, box corers are 
preferred for sampling. The box cores are less disturbed than the gravity and piston c: «es because they have a larger 
cross-sectional area, are lowered gently to the bottom, and have jews that close below the sample to hold it in 
place. They collect a much larger volume of sediment: a |-cm slice from a box core is 196 cm’ versus 31 cm’ for the 
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gravity and piston cores. This means sampling can be done on a small vertical interval, and sufficient material can 
be obtained to perform all the laboratory analytical tests on a single core. This improves temporal discretizanon and 
removes the uncertainty of correlating age dates or other information between cores if muluple gravity or piston 
cores are used to obtain enough maternal for sampling on the smaller interval. 


In relatively low-sedimentation-rate reservours, typical depositional patterns require that samples be collected in the 
pre-reservou channel and in the middie or upper part of the reservoir. In Tolt Reservoir, a forested reference site in 
the Cascade Mountains cast of Seatiie, Washington, for example, there was almost no lacustrine sediment at a site 
about one-third of the way up rese:»ou from the dam. The core obtained for chemical analysis was collected from 
the pre-reservow channel about tv'o-iurds of the way up reservou from the dam and had 16 cm of lacustrine 
sediment. 


Age Dating: One of the more distinctive differences between reservoirs and lakes is the pre-reservou soil boundary 
underlying the lacustrine sediments in a reservoir. This boundary, in most reservoirs, provides a very reliable depth- 
date marker mm cores: a time marker designating the beginning of accumulation of sediments in the reservow that can 
be matched up with the date when the reservou was filled. Furthermore, it can usually be easily distinguished in the 
field during sampling, providing very useful information to guide sampling site selection and sub-sampling of cores. 


In addition to the pre-reservow surface and the top of the core (matched with the sampling date), the most common 
approach for age dating recent (about 100 years or less) reservoir sediments is to measure '’’Cs in the core samples. 
'"'Cs is a radionuclide released to the global environment by atmospheric testing of nuclear weapons. '’’Cs is useful 
im reservow and lake cores primarily for identifying two dates: about 1952, when atmospheric testing reached 
detectable levels in global fallout, and 1963-64, when atmospheric testing and '"’Cs levels peaked (Van Metre and 
others, 1997). In addition to these two age-depth markers, '""Cs can be useful for evaluating the relative amount of 
post-depositonal mixing of sediments, the amount of sediment focusing at a coring site (Van Metre and others. 
1997), and the rates of change in particle-associated contaminants in streams and lakes (Van Metre and others, 
1998). 


In some cases, other chemical signals in reservou and lake cores can be used to determine age-depth relations or to 
verify age-depth relations determined from '’’Cs and core lithology. These chemical signals include sharp peaks in 
lead mm the mid-1970s (Callender and Van Metre, 1997; Van Metre and others, 2000), initial occurrence of 
organochlorine pesticides in the carly 1940s, and peaks in DDT in the early 1960s (Van Metre and others, 2000). 


Interpretation of Chemical Concentration and Mass Accumulation: The sedimentation patterns described above 
can have umportant implications on interpretations of sediment chemistry data from reservow cores. Large da:sa 
ratios and high sedimentation rates, ether on a whole reservou/lake basis or at individual coring sites, can reduce 
the relative importance of atmosphenc {allout signals on lake-sediment chemistry and increase the relative 
unportance of fluvial input signals. Thus, the sediment chemistry of many reservoirs (Van Metre and others, 1997) 
and urban lakes (Van Metre and others, 2000) 1s dominated by fluvial inputs of contaminants. This fluvial 
domunance extends to some contamunants that have atmospheric pathways, including lead and PAHs, but, 
nevertheless, are primarily delivered to reservoirs and lakes attached to fluvial sediment particles. For example, 
PAH concentratons and accumulavion rstes in a core from Palmer Lake in Minneapolis, Minn., increased by a 
factor of 80 from the 1960s, when the watershed was mostly undeveloped, to 1997, when the watershed was about 
$0-percent urban (Van Metre and others, 2000) On the basis of the core data, the atmospheric deposition in greater 
Minneapolis had only a minima! effect on sediment quality prnor to the onset of development of the watershed. The 
comendence of increasing PAH trends and urbanization of the reservou watershed is repeated in many urban 
reservows and lakes in the U.S. (Van Metre and others, 2000). These trends indicate that PAHs in these urban lakes 
and reservous are dominantly from fluvia! imputs from the watersheds, and not from atrnosphernc fallout on the lake 
surface. A similar conclusion was reached for DDT and PCBs. Accumulation rates of DDT and PCBs in six 
reservous far exceeded estumated atmosphenc faliout, leaving watershed sources and fluvial inputs as the only 
reasonable transport pathway (Van Metre and others, 1997). 





When fluvial inputs of contaminants domunate sediment cores, chemical concentrations for comparable time 
intervals in cores with different sedimentation rates in the same lake are sumilar. The contaminants mostly enter the 
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lake or reservou attached to fluvial particles, are deposited, and then buried before significant ennchment from 
atmospheric fallout can occur. In lakes where this is the case, contaminant mass accummuiation rates (MARs) 
correlate positively with sedimentation rates. This effect can be demonstrated using three cores collected in Lake 
Livingston on the Trinity River in East Texas (Van Metre and Callender, 1996). All three sites in the 40-km long 
reservoir were im the pre-reservoi channel. Lacustrine sediment thickness in three cores varied from 52 cm near the 
dam, to 90 cm about one-fourth of the way up the reservoir, to 138 cm halfway up the reservoir. Similar 
concentrations and temporal trends of DDE and lead occur im a!! three cores (Van Metre and Callender, 1996) and 
consequently contaminant MARs were approximately three times greater at the mad-lake site than at the near-dam 
site. The sumilarity of concentrations independent of si:dimentation rates indicates sediments are not being 
concentrations of fluvial sediments. 


Because of general fluvial dominance and the large variability in sedimentation rates within any reservou, 
comparison of contaminant MARs among reservoirs and lakes should be approached with caution. One approach 
that can allow comparison of MARs among reservoirs is to use sedimentation surveys and(or) numerous cores to 
estumate average sedimentation rates for the whole lake. These rates can then be used to calculate contaminant 
MARs by multiplying by concentrations in cores (Mau and Christensen, 2000). The main assumption is that core 
concentrations are representative of “average” concentrations for the lake. This assurmption is probably reasonable 
for lakes/reservoirs dominated by fluvial inputs of contaminants or where multiple cores are analyzed for chemustry. 
The limitations of interpretations of either concentrations or contaminant MARs alone are illustrated using White 
Rock Lake (TX) and Lake Anne (VA). 


The average total PAH conce.tration (excluding perylene) in four core samples deposited in the 1990s in White 
Rock Lake was 2,980 ug/kg compared with an average 1990s concentration of 20,000 yug/kg in Lake Anne. The 
watersheds of both lakes are mostly urbanized and, in the case of White Rock Lake, include major interstate 
highways and large commercial areas. Why then are PAH concentrations so much lower there than in Lake Anne? 
The answer lies in the companson of concentrations to mass accumulations. 


Multiplying PAH concentrations by sedimentation rates for each core yields a total PAH accumulation rate of 3.4 
yg/cm’-y for White Rock Lake versus 3.6 ug/cm’-yr for Lake Anne, indicating that while PAH concentrations in 
sediment were about seven times greater in the Lake Anne core, PAH MARs are about equal to those for White 
Rock Lake. This comparison can be taken one step further to account for the large variability in sedimentation rates 
PAH from the watershed that is being deposited in the lake in recent years is estimated as about 75 ng/cm’-yr. No 
sedimentation surveys have been conducted on Lake Anne, however, the lake has a relatively flat bottom, probably 
leading to more uniform sedimentation than in some reservoirs. Five box cores collected in 1996 from near the dam 
to the upper end of the lake, at water depths from 2 to 8 m, had sediment thicknesses ranging from 14 to 20 cm. 
Average sedimentation rate in the lake was estimated using these cores. Multiplying this sedimentatyon rate by PAH 
concentrations in the core, then dividing by watershed area results in a PAH yield from the watershed of 25 ng/cm’- 
yt, about one-third the estimated yield from White Rock Lake watershed. Obviously, there is a large amount of 
uncertainty in these estimates, however, it 1s clear that the much higher PAH concentrations in bottom sediments in 
Lake Anne do not mean that contaminant loading there is proportionally that much greater than in White Rock 
Lake. The higher sedimentation rate in White Rock Lake correlates to higher suspended-sediment concentrations in 
streams (Thornton, 1990) and 1s indicative of higher erosion rates and dilution of contamunated sediments washing 
off streets and rooftops by less-contamunated soils. 


Relations Between Reservoir Cores and Streams: Relatively rapid sedimentation rates in reservoirs have been 
shown to contribute to minimal diagenesis (Callender, 2000). Minima! diagenesis and the fluvial domunance of 
contamunant sources to reservow sediments indicate that chemical signatures of the fluvial sediments are relatively 
well preserved in the sediment cores. Reservow cores should, therefore, be good indicators of stream-sediment 
quality over time. It 1s not being suggested that the concentrations of contamunants in influent streams can be 
rehably estumated using sediment cores, but rather that the accumulated lake sediment 1s indicative of sediment 
quality in the streams over time. In an attempt to better define the relation between reservou sediments and stream 





IX - 16 42% 











Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29. 2001, Reno, Nevada 


sediments, large- volume suspendcd-sedument (L VSS) samples were collected from an urban stream and a rural 
stream in Austin, TX (Mahler and others, 2001). Both streams flow into Town Lake, formed by a dam on the 
Colorado River in Austin, although Barton Creek flows through urban areas near Austin, the watershed of the 
Barton Creek sampling site is rural. A sediment core from Town Lake showed large increasing trends in PAH, 
dramatic historical trends in DDT (including a significant amount of parent DDT at the top of the core), and an 
increasing trend in chlordane concentrations to the top of the core (Van Metre and Mahler, 1999). The 
concentrations of these contamunants at the top of the core are compared to them occurrence in suspended-sediment 
samples from Shoal Creek, onc of several urban tributanes two the lake, and samples from a reference site on Barton 
Creek (table 2). There is a strong relation between land use and contammant occurrence in the suspended sediments, 
as indicated by the much greater concentrations in Shoal Creek compared to the rural Barton Creek. There is 
generally a good relation between the occurrence of anthropogenic contaminants in the urban stream (Shoal) and the 
top of the reservow core, supporting the hypothesis that the chemustry of reservow cores 1s indicative of influent 
stream quality. 


Table 2. Comparison of LVSS chemistry and a sediment core im receiving water body 








(ND=non-detecnion, reporting levels vary) 
Shoal Crees Barton Crees Town Lake 
Chermncai (urban site)’ (reference site)’ Core’ 
y18/99 4/26/99 10/30/99 317/00 5/26/99 6/9/00 1998 
Pestades (19g) 
Crlordane 64 1 22 56 NO ND 47 
p.p'-D00 26 ND NOD 13 ND ND 82 
p.p DOE 65 76 3.0 93 ND NO 31 
pp’ DOT 42 52 24 19 ND ND 24 
Oren 1.1 32 12 35 ND ND <1 
PAHs (uo/kg) 
Total PAH 21,200 15,200 9.820 19,200 725 i} 11,400 
Dibenzo (a.h) 195 115 86 187 12 2 150 
anthracene 
Benzo(a)pyrene 896 647 429 975 42 3 582 
Metais (9/9) 
Copper 25 29 25 wn 21 13 33 
Lead 41 47 40 3 39 16 54 
Zinc 183 182 163 211 141 5A 1412 














' Storm-event composite samples of suspended sediments. 
2 Top (0 to $ cm interval) of sediment core from Town Lake (Van Metre and Mahler, 1999). 


SUMMARY 


Differences in geometry, drainage area to surface area ratios, sedimentation rates, and sedimentation patterns 
between reservoirs and lakes affect the sampling and interpretation of sediment cores for the reconstruction of 
water-quality trends. Reservoirs typically have much larger da:sa ratios than lakes, which correlate positively to 
sedimentation rates. Although reservoirs tend to have much larger sedimentation rates than lakes, rates vary greatly 
across the U.S. in relation to vanability in stream suspended-sediment concentrations. Reservoirs in southwestern 
parts of the US. have the largest sedimentation rates whereas reservoirs in the northeastern US. have low rates 
approaching those of some natural lakes. Sedimentation in reservoirs 1s typically greatest in the pre-reservow stream 
channel and vanes longitudinally along the axis of the reservouw The large range in sedimentation rates and the 
amount of variability within reservoirs necessitate the use of several different coring tools and sampling strategies, 
depending on the sedimentation rate and geometry of the reservou 

Age-dating sediment cores from reservoirs benefits from the presence of a recognizable pre-reservou soil boundary 
in cores that can be matched with the date the reservou filled. The pre-reservoir boundary can also be useful during 
sampling to help select sampling sites and design sub-sampling of the core Additional age-depth information can be 


IX- 17 


24 














Proceedings of the Seventh Federal interagency Sedimentanon Conference, Marck 25 to 29. 2001, Reno, Nevada 


obtained using “Cs and, in some cases, first occurrence and peak concentrations of total DDT and peak 
concentratons of lead. 


In most reservous and many lakes, particularly in urban areas, the mayorty of contarmmnants in bottom sediments are 
transported to the reservow or lake attached to parncles in the influent streams and are not delivered by direct 
atmospheric fallout on the water surface. This 1s true even for contamunants with atmosphenc pathways, including 
lead and PAHs, for which short-range atmosphernc transport and fallout on souls and umpervious surfaces can be 
transport of contamunants from the watershed and reduce the umportance of atmosphenc fallout on the lake Because 
of the highly vanable sedimentaton patterns in reservours and the fluvial domunance of contaminant inputs, 
concentrations of contamunants m a reservou are generally independent of sedimentation rates and contamunant 
MARs correlate positively to sedimentation rates. Thus, comparisons of contamunant MARs among reservous based 
on cores shou:d be approached with caution unless whole-lake sedimentation 1s accounted for The relatively high 
sedimentation rates m reservoirs minimize diagenesis and improve temporal resolution in sediment cores. Fluvial 
domunance of contaminant inputs and minuma! diagenesis mean that reservow cores should be good indicators of 
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MESA VERDE PREHISTORIC RESERVOIR SEDIMENTATION 
By: Kenneth R. Wright, P-E.', Ernest L. Pemberton, P_E.’, and Jack E. Smith, PhD” 


Abstract: in 1997 the authors excavated a prehistoric Mesa Verde water reservoir built and operated by Early 
Americans. Morefield Reservoir, located m Morefield Canyon of Mesa Verde National Park and known as 
SMV 1931, evolved over tume from an excavated pond into an off-stream umpoundment. Sediment accumulation 
caused the reservom to grow into a 200-foot-diameter mound msing 16 feet above the valicy floor with an elevated 
sedimentation rates. Analysis was made of the berm-building techniques used and problems encountered by the 
Early Americans, including frequent sediment removal efforts to mamtain capacity of the water storage reservow 
over a 350-year penod. 


In 1995, the authors selected for paleohydrological research the Morefield Canyon mound, long an enigma at Mesa 
Verde National Park. Working under a U.S. Department of Internor archeological permit, the authors conducted 
engineering and scientific studies in Morefield Canyon to determine the reason for, and function of, the mound The 
mound and adjacent long berm sit on the canyon floor im a manner inconsistent with what one would expect an 
ancient reservow to look. Prior to 1997, the scientific community still judged the Morefield mound to be a 
ceremonial mound, an crosional remnant of a Pleistocene valley terrace, or a reservoir. The May 1997 field effort 
included a 125-foot-long excavation across the mound to a depth of 16 feet. The research effort proved that the site 
was @ domestic water supply reservoir likely dating from about A.D. 750 to 1100. The berm extending northward 
was the route of an ancient feeder canal to the reservow. As a result of the paleohydrology study, the uncertainty 
related to the Morefield Reservow was put to rest. 





SITE LOCATION 


Site SMV 1931 of Mesa Verde National Park is in Morefield Canyon in the SW of Section 33, Township 35 North, 
Range 14 West of the New Mexico Meridian. It is approximately 12.8 miles southeast of Cortez, Colorado in 
Montezuma County Morefield Canyon 1s closed to the public to preserve its extensive, abundant and valuable ruins 
for future study when funds are available to permit a thorough scientific evaluaton of the canyon. The canyon held 
a large prehistoric population. The watershed contains 4.2 square miles. The drainage basin ranges from 7,200 feet 
to 8,300 feet in elevation, with a mean elevation of 7,800 feet. The current land use is characterized as un-grazed 
rangeland 


Morefield Canyon 1s « broad valley with the side ndges msing 400 to 600 feet on each side of the nearly flat bottom 
that ranges from 600 feet to 1,100 feet wide. At the SMV1931 archaeological site, the valley bottom is 
approximately 800 feet wide. The Morefield channel gradient slopes to the south at approxumately 135 feet per mile 
for a slope of 025 fv. Approximately 10,000 feet north of the site, a decrease in gradient coincides with the 
change in bedrock from Mancos shale to the Pot Lookout sandstone. 


The Mesa Verde plateau is formed by the sandstones of the Cretaceous Age Mesaverde Formation that are more 
erosion resistant than the underlying Mancos. The top of the plateau is essentially a dip slope lying on the Cliff 
House Sandstone of the Mesaverde group. Morefield Canyon has cut through the Cliff House Sandstone and is 
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floored im the san4s and shales of the Menefee Formation. No bedrock outcrops were observed along the valicy 
bottom. No data h.« been found to establish the thackness of the deposits m Morefield Canyon, but the alluvium 1s 
estumated to be about 30 feet tuck. 





Figure |. View looking north up channel of Morefield Canyon. Note the wide, flat bottom of the 
canyon. The mound of Site SMV1931 is im the lower left center of the photograph. 





Figure 2. Overlay sketch of Figure | showing the valicy bottom, Site SMV1931, channel, and 
access road. 
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PREHISTORIC PRECIPITATION 


Dendroclimatic reconstructions for the Mesa Verde arca were studied to estimate average annual precipitation 
during the ca. A.D. 750 to 1100 period of prehistonc operation of Morefield Reservow and to compare the 
prehistoric precipitation with modern records. Dr. jeffrey Dean of the University of Arizona's Laboratory of Tree- 
Ring Research m [ucson, Amzona, provided ihe dendroclimatic reconstructon data for the Mesa Verde area from 
A.D. 481 through | 988 that were evaluated) Vb long-term average annual precipitation for the penod of record was 
estimated to be 18.1 inches. This agrees with the 74 years of modem record from the weather station at ncarby 
Chapin Mesa. The average annual precipitation from A.D. 750 through 1100 was 18.0 inches. For this reason, 
precipitation records Som modern tumes were considered sustable for use in analyses of the ancient penod. 


PREHISTORIC RUNOFF CHARACTERISTICS 


Fires and human activities can significantly increase the runoff potential of a watershed and, when a forested 
watershed is converted to an agricultural watershed, runoff increases. The Wright Water Engincers, Inc. (WWE) 
pollen studies of the site showed extensive cultivation of maize (corn) during the period of reservow use of 1,000 
years ago. Archacological evidence indicates that up to 500 people lived in Morefield Canyon. Farming was 
practiced, and there was doubtless removal of trees and brush for cooking, construchon, and heat. Rough estimates 
suggest it is likely that at least 125 acres were farmed (one acre for every four people). In addition, people may have 
denuded a portion of the watershed by gathering firewood. Forest fires occurred m the canyon, as evidenced by 
layers of charcoal found m the reservow excavation. 


A study of land use/type suggests that a rainfall of 0.5 inch would produce a runoff of 0.033 inch from the 125 acres 
of farmland. The volume of runoff from this would be 0.34 acre-feet, adequate water to fill the reservoir at the site. 
The estimated runoff does not consider the area that would have been denuded for fuel or by forest fires. If these 
denuded areas were upstream of Site SMV 1931, then additional runoff would have been generated that could have 
been stored. For instance, it was estimated that the 1996 Chapin #5 Fire in Mesa Verde National Park temporarily 
changed runoff characteristics so as to increase the peak runoff potential some 500 to 600 percent because of loss of 
forest floor cover and hydrophobic soil conditions resulting from the fire. The Buffalo Creek (tributary of South 
Platte River in Colorado) fire of 1996 resulted in 12 100-year floods in the first month following the fire. Forest 
fires cause a significant increase im runoff and sediment yreld charactenstics. 


The Chapin Mesa rainfall records were evaluated to determine the frequency of rainfall events of 0.5 inch or greater. 
In the 4§ years of record analyzed, there were approximately 200 days of recorded precipitation greater than 0.5 inch 
activity), such events would have produced runoff This suggests that direct runoff water would have occurred and 
would have been available for capture and storage about four to five times cach summer. The water diversion canal 
route, defined in the field using instrument surveys, would have been able to intercept the canyon flow and deliver 
the water to the reservou for storage. 


Paleofiood : WWE's team made Paleoflood estimates at 12 sites along Morefield Canyon in 1997 from 

campground near the head of the canyon to Site SMV1931. Maximum paleoflood discharges range from 
about 250 to 350 cubic feet per second (cfs) near Site SMV1931. The paleoflood evidence is at least 100 years old 
and likely reflects the largest flooding in several hundred years. One of the largest flash-flood-producing rainstorms 
during the past century in southwestern Colorado occurred at Mesa Verde National Park. On August 3, 1924, 3.50 
inches of rain fell in one to two hours at the U.S. Weather Bureau gage located at Mesa Verde National Park. The 
estimated paleoflood discharge for nearby Spruce Canyon 1s about | 000 cfs, and the dramage area 1s about 2 square 
miles 

ARTIFACTS 

Fragments of pottery vessels (potsherds) were found throughout the excavation Thirty-one potsherds were found mm situ 
in the profile exposed in the south wall of the wench The excavated pottery places the site within the late Pueblo |. 
Puebio Il period of occupation of the canyon. A few potsherds mdicate a trace of the carly Pueblo [I]. This suggests an 


absolute time range of around AD 750 t© 1100. The excavated pottery was analyzed as to probable vessel type. Most 
fragments came from jars presumed to have functioned for carrying and storing water, these account for 76 percent of 
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the recovered potsherds. Bowls account for another 2! percent, although m some mstances thew sdennfication was 
somewhat borderline. The remaiming 3 percent were cither too fragmentyry, too eroded, or both, w be sdentified as 
falling into cither of these or any other functional category. This potshrd distributon us similar tw that found by 
Breterastz (1999) in the Mummy Lake excavation conducted in 1969. 


While pottery makes up the bulk of arnfactual evidence of human use of the site, a few non-potiery stems also dicate 
that use. A broken deer antler (carbon dated at A.D. 860) found deep with the clay layers may have been part of a 
digging unplement, it occurred m isolation, no other bone or antler fragments were found with a A small roughly- 
shaped disk of tabular sandstone was probably a hid for one of the above-mentoned pottery jars, and another roughly 
rectangular piece of tabular sandstone appears to have been intentbonally shaped but of an unknown use 


INTAKE CANAL 


The Morefield Reservow evolved into an off-stream reservow during its carly life after the original excavated pond 
filled with sediment and was mucked out to form pernmeter berms. An off-stream reservow requires an intake canal 
for water delivery. The existing route of such an mtake canal represents the final canal alignment at the ume the 
reservou was abandoned Field imstrumeni route surveys were conducted for mapping purposes. An inspection of 
the area in the vicinity of the final canal heading and the drainage channel revealed no compelling evidence of a 


In situ aligned stones and extrapolation defined the canal route. The canal was | 425 feet long with an average slope 
of 1.0 percent—the slope ranging between 0.5 and 2.0 percent, not unlike modem farm imrigation systems mm 
southwestern Colorado. Almost all of the observed stones along the nght-of-way of the canal were likely used for 
erosion control and were rectangular shaped Most were from the Menefee sandstone Some of the stones served to 
protect the canal bank from stream crosion. Excavations of the canal cross section were conducted in 1967. These 
excavations indicated a bottom width of 3 feet, 2:1 side slopes and a maximum depth of about | foot. With these 
data and by use of Manning's Equation the computed bank full canal capacity under subcritical flow conditions was 
19 cfs at a velocity of 3.8 feet per second (fps). The roughness coefficient was estimated at 0.03, with the canal 
having an average slope of 0.01 f/f. The canal and the reservoir were integrated into a single operating structare 
for diversion, transport, and storage of water. 


The 1997 excavation of the Morefield Reservoir mound penetrated to the original ground surface on the cast and 
west portions of the trench. In the trench's midsection the ongmal ground surface was reached by auger at about § 
feet below the trench bottom. The auger at this deeper elevation penetrated the original pond bottom dug by the 
Early Americans for groundwater and surface water collecnon pror to the reservow building 


Profile of 1997 Trench Cut: Figure 3 identifies the long horizontal layers of alluvial sediments exposed throughout 
the trench walls, along with gently upward sloping layers at the edges where the reservou embankment existed At 
one location, evidence of embankment slope failure was evident. A long burned antler found near Staton 54 at 
elevation 7,212.3 feet was carbon dated. The distinct layers, while initially considered to be fine sand, were found 
to be mostly sandy clay or sandy silt) Approximately 14 thin continuous layers of charcoal deposits were found, 
likely representing fluvial transported charcoal from forest fires 


Analyses of the trench walls show that 





A. The 1997 wench face contained approximately | 900 square feet of surface area, of which 65 percent was a 
densely compacted clay matrix. The tightness of the clay would have obviated any measurable reservow 
storage seepage losses. The clay deposits would have been deposited in the reservow during small rates of 
water diversion from the thalweg of Morefield Canyon and from wind-blown sediment 


B Over the life of the reservow, there were about 2! instances of measurable sand to sandy clay depositional 
occurrences that would have represented larger (and sometimes uncontrolled) diversions to the reservow 


during canyon flooding penods This would represent an average of one sediment-carrying flood each 17 
years, when the milet cana! likely would have been overtopped and damaged or perhaps wasned out mm one 
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or more places. The material im the sand layers is 30 percent clay, 55 percent silt and 15 percent sand One 
sample not included m the average was first classified with 60 percent sand-sued maternal, which was 
visually identufied as predormmant)y charcoal partx les rather than sedument 


Cc. Fill seduments consist of “couplets” with a lower layer of wery fine sand (locally silt) and a Gucker upper 
layer of dense clay Generally, the lower layer us mpple-bedded and has a smooth lower contact, although 
some beds have undulating lower contacts that fill wregularimes m underlying clay beds in a few places, 
the sandy layers contasn than unterbeds of clay and the clay layers include fine lamunatons of sand In cross 
sechon, the couplets have concave shapes that mse toward the edges of the fill Toward these odges, the 
sandy layers thin. become silty, and may become discontmuous of pinch out 


D. Near the maddie of the trench, the lower part of the fill contamns a disconformuty with several feei of rebef 
Stump blocks overlying this disconformuty probably moved toward a void created by reraoval of sediment 
from the lower middie area. Because the lowest part of the detachment surface s angential to lower, 
undisturbed couplets, the vord was probably created by manual excavation 


E Some six reservow-forming berm stuctures were exposed im the 1997 reservow wench The overall 
distribution of berm and fill seduments suggests that the width of the water surface vaned with tume, as the 
reservow rose progressively upward At both ends of the trench, very weakly bedded clayey matenal 
overlaps the berm sediments and is overiam by well-bedded fill sedunents. Some parts of this clayey 
material contain thin or discontinuous beds of silt or fine sand This anit may consist of peripheral fill 
sediments in which bedding was mostly destroyed during maimtenance work on the berm Overlapping. 
well-bedded fill sediments are consisient with this interpretation (Figure 3) 


F. Potsherds were found throughout the trench wall, but they were more common in the berm maternal, or wm 
fill seduments near the berm, than near the middie of the fill All of the sherds m the trench were found m 
the clay matrix, with none im the sandy silt or sand deposits. 


G. A detailed comparison was made between WWE's 1997 excavation and the University of Colorado's 1967 
excavation. The latter excavation was typically § feet deep, however, 3 test pits carried the field 
observations an additonal 2 to 5 feet below the trench bottom. Correlation between the 1967 and 1997 
excavations was good 


H. The volume of storage would have vaned considerably over the years, however, an approximate storage 
estimate would place the volume of maximum active storage at about | 20.000 gallons The storage volume 
at other times 1s estemated to have ranged down to about 40,0000 gallons 





Sediment Volume Computations [The sediment gradaton and estumated transport velocities associated with peak 
runofl from estimated ancient thunderstorm events are compatible with an inlet canal capacity of about 19 cfs. Two 
selected sediment transport formulas (Laursen and Yang) showed for the 19 cfs canal discharge an average 
concentration of 14,000 mg/L and cn mstantancous transport rate of about 700 tons per day It 1s concluded that the 
sandy layers represent erosion at the higher elevations of the dramage area’ The heavy clay maternal represents 
matenals eroded from the channe! banks m the upstream valley alluvwm representing previously deposited 
materials from the Mancos shale. The clay was judged to have been deposited during the dominant low-flow 
condinons Of the total sediment deposited over the life of the reservow. 1 was estimated that on the average abou' 
1230 ft’ were diverted and deposited per year. About 270,000 ft’ of the mound are clay, while 160,000 ff’ are sandy 
silt representing high-flow penods The reservow rose in elevation, because of sediment accumulation, about | 6 
inches per year However, due to cleaning efforts (dredging) the overall net mse averaged only 07 inches per year 
until in A.D 1100 the reservow fill was about 2! feet above the ongimal pond bottom 
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Figure 3. Profile of sediment deposits for middle portion of Morefield Reservow from Excavation of May 1997 
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Sediment Yield: The total sediment deposited in the reservoir of 430,000 ft’ provides data for computing the 





sediment yield for the 4.2-square-muile drainage basin. Morefield Canyon is considered an ephemeral channel, and 
the area would be considered to be a low mountain valicy. The computed annual sediment yield for deposited 
sediment in Moreficid Reservow is 0.0067 acre-feet/square mile. A portion of the total sediment transported by the 
channel would, during extreme flood flow conditions, have bypassed a diversion structure and likely overflowed the 
canal and reservoir. This would support an annual sediment yield of 0.01 acre-feet per square mile as a long-time 
average sediment yield for areas similar to Morefield Canyon. 





fi 


Figure 5. Example of sandy layer with charcoal layers and overlying thick dense clay dep 
near Station 50 





IX - 26 4 DA 














Proceedings of the Seventh F ederal Interagency Sedimentanon Conference, March 25 to 29. 200i, Reno, Nevade 


daily life, carbon for C-14 dating, remains of berms and even evidence of an ancient berm failure. The canal 
remains provided evidence for determining sediment transport and open-channel hydraulic analyses. It was 
determuned that the prehistonc inhabitants of Mesa Verde National Park had technical capabilites far beyond those 
are usually given credit 
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RESERVOIR SEDIMENTATION STUDIES TO DETERMINE VARIABILITY OF PHOSPHORUS 
DEPOSITION IN SELFCTED KANSAS WATERSHEDS 


By David P. Mau, Hydrologist, U.S. Geological Survey, Lawrence, Kansas; 
Victoria G. Christensen, Hydrologist, U.S. Geological Survey, Lawrence, Kansas 


Author contact pot: 482! Quail Crest Place, Lawrence, Kansas 66049, fax: (785) 832-3500, email’) dpmau@usgs gov or 
vglenn.ausgs gov 


Abstract: Phosphorus is an important nutrient because it ‘s the principal limiting factor for primary biotic produc- 
tion in most freshwater environments. It also is an important water-quality constituent because excessive 
phosphorus concentrations in reservoirs can cause algal growth that may result in taste-and-odor problems in 
water supplies (eutrophication). In Kansas, reservoirs are the primary source of drinking water for many 
municipalines and rural water districts, and taste-and-odor problems could be a mayor concern 


Phosphorus in Kansas reservoirs primarily is of nonpoint-source origin and may be related to fertilizer application 
and livestock production in contributing watersheds Because phosphorus 1s transported primarily in the particulate 
phase, analysis of fluvially transported sediment that has accumulated in Kansas reservoirs can provide information 
on historical phosphorus concentrations and yields that may cause accelerated eutrophication 


For the purpose of comparing phosphorus transport throughout Kansas, four reservoirs in watersheds with different 
topography, soils, underlying geology, land use, and climate were selected for analysis of reservoir bottom 
sediment. Bottom-sediment cores were collected from Webster Reservoir in north-central Kansas, Cheney 
Reservoir in south- central Kansas, and Tuttle Creek and Hillsdale Lakes in northeastern Kansas. The cores were 
analyzed for total phosphorus, bulk density, and selected constituents and properties. The chemical data were 
combined with reservoir bathymetry, which showed changes in reservoir sediment volume. to estimate mean annual 
sediment and phosphorus yields for each of the four reservoir watersheds 


Estimated mean annual sediment yields varied considerably among the four reservow watersheds and ranged from 
0.03 acre-foot per square mile per year in the Webster Reservoir watershed to 0.97 acre-foot per square mile per 
year in the Hillsdale Lake watershed Estimated phosphorus yields ranged from 0 04 pound per acre per year in the 
Webster Reservoir watershed to | 7 pounds per acre per year in the Hillsdale Lake watershed 


Reservow sediment studies in Kansas have been useful in reconstructing historical trends im water quality that can 
be used as a measure of the effectiveness of best-management practices implemented throughout the watersheds 
With the addition of bathymetric surveys and the inclusion of additional reservoirs, sediment studies also can be 
used to establish baselines for estimating historical loading of phosphorus and other constituents in future water- 


quality assessments throughout Kansas 





Phosphorus is an essential clement for plant growth, and its addition to cropland has become important in the 
maintenance of profitable agricultural production in the United States. However, excessive phosphorus inputs from 
municipal, industnal, and residential sources as well as from agnculture can have detrimental effects on adjacent or 
downgradient aquatic systems by increasing the biological productivity of surface water. The resultant 
eutrophication may cause taste-and-odor problems for water suppliers, degrade habitat for aquatic life, and 
discourage recreational use of the affected water body. 

Remedial efforts during the past several years have been focused on reducing water contaminants from nonpoint 
sources because it is believed that point sources, for the most part, have been identified and controlled where it is 
cost effective to do so. Nonpoint sources of water contamination, such as from agricultural application of 
phosphorus, are difficult to identify, and remediation efforts are difficult and expensive to umplement. It also can be 
many years before any »mprovements are seen in water quality once remediation efforts begin. 


Phosphorus, along with many other constituents, adsorbs to fine-grained sediment particles, primarily silt and clay, 
and also is associated with fine organic material. In stream channels and reservoirs, these particles can be 
transported great distances, finally settling into the quiet, deeper areas of reservoirs where they accumulate in 
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sediment. Because reservow sediment acts as an integrator of activites within the watershed (Mau and Christensen, 
2000), sampling the reservoir bottom sediment can be very informative in determining trends in phosphorus use 
throughout the watershed. 


The U.S. Geological Survey (USGS), in cooperation with various local, State, and Federal government agencies, 
began investigating Kansas reservou bottom sediment in 1995. The studies were mulnfaceted, looking at sediment 
deposition along with selected chemical constituents in sediment cores from reservoirs located in various geologic, 
that examined the variability of phosphorus deposition for the Webster Reservoir, Cheney Reservoir, Tuttle Creek 
Lake, and Hillsdale Lake watersheds (fig. 1) are presented in this paper. The purpose of this paper is to: (1) 
describe phosphorus yields since reservoir impoundment, and (2) discuss probable causes for differences in 
sampled during the period October 1, 1995, through September 30, 1999. 


Setting: The Webster Reservow watershed 1s located in north-central Kansas and has a contributing-drainage area 
of about 1,150 square miles (table 1). Land use primarily is agricultural, with about 57 percent used for cropland 
and 37 percent used for pastureland (Bureau of Reclamation, 1984, p. 9). Topography within the watershed is flat 
to gently rolling, with narrow, shallow valleys and low relief. The soils consist of sand, clay, loess, or silt. 


The Cheney Reservoir watershed, located in south-central Kansas, is approximately 933 square miles. Land use pri- 
marily 1s agricultural, with about 52 percent of the watershed in cropland and the balance consisting of pastureland, 
forest cover, and small urban areas. Topography within the watershed gencrally is flat to gently sloping hills. The 
soils are classified as clayey loam in the uplands to sand or sandy loam im the low-lying areas. 


F aN 

















Figure 1. Location of four reservow watersheds in Kansas 


Tuttle Creek Lake has the largest watershed and surface area of the four reservoirs, with a contributing-drainage 
arca of about 9,600 square miles (table 1) in southeastern Nebraska and northeastern Kansas. About 72 percent of 
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the watershed is cropland, and nearly 16 percent is pastureland) The topography is reflected in generally smooth 
plains consisting of sand, gravel, silt, and clay in the Nebraska section and areas of greater local relief underlain by 
shale, sandstone, limestone, and fluvial and colian deposits in the Kansas section of the watershed (Pope, 1995, p. 
4). 


The smallest of the four reservow watersheds described in this paper, the Hillsdale Lake watershed, has a contribut- 
ing-drainage area of about 144 square mules and 1s located in northeastern Kansas. Croplands constitute about 35 
percent of the land use, and the balance consists mostly of pasturcland and forest cover. The watershed consists of 
gently rolling uplands, with hilly areas along the streams, and is underlain by shale and limestone (O'Connor, 
1971). 


24 inches at Webster Reservoir compared to about 27 inches at Cheney Reservoir. The long-term mean annual 
precipitation at Tuttle Creek Lake is about 32 inches and about 4! inches at Hillsdale Lake (measured 5 miles south 
at Paola, Kansas). Long-term means were based on a period of record from 1961-90 (National Oceanic and 
Atmospheric Administration, 199%). Consideration should be given to the fact that precipitation vanes throughout 
each watershed. In general, precipitation increases west to cast in Kansas and Nebraska, therefore, the precipitation 
at Webster Reservoir and Tuttle Creek Lake is likely to be greater than im thei respective watersheds. 


Methods: The methods used to estimate total phosphorus deposition since reservou impoundment included both 
bathymetric surveying (mapping of the reservoir bottom) and reservou bottom-sediment coring. Bathymetric 
surveys have been done infrequently at the four reservoirs making it infeasible to calculate an accurate annual 
volume and rate of phosphorus deposition. Therefore, a mean annual phosphorus yield was estimated by dividing 
the total accumulated sediment volume by watershed drainage area and by the time period since reservoir 
impoundment. 


Bathymetric surveys were done at cach reservoir along existing range lines established by cither the U.S. Army 
Corps of Engineers or the U.S. Department of Interior's Bureau of Reclamation (BOR). Global-positioning-system 
(GPS) technology was used to record the geographic location of the boat on the reservoir, and a fathometer system 
was used to determine the depth to the reservoir bed. The data were digitally recorded and used to compare the 
orginal pre-reservou, range-line topographic data to the most recent bathymetnc data. 

density. This was done by collecting reservoir bottom-sediment cores using a gravity corer (fig. 2). The gravity 
corer was fitted with cylindncal, transparent plastic liners with a 2.63-inch imside diameter that collected and stored 
the sediment-core sample. Sediment-core samples were collected from several locations in each reservou to obtain 
representative samples. The core samples were processed at the USGS laboratory in Lawrence, Kansas, and 
analyzed for percentage of sand and fines (particles less than 0.062 millimeter in diameter; silt and clay), bulk 
density, and percentage of moisture, according to methods presented in Guy (1969). Sediment samples from three 


Table 1. Comparison of reservoir and watershed characteristics for Webster Reservoir, Cheney Reservoir, Tuttle 
Creek Lake, and Hillsdale Lake, Kansas 














Land use Long ierm meen 
( eatributing- Origins! = iéPercemstnggee of ancusi 
Date of drainage area = conservation pool besia in Percentage of precipitation’ 

Reservelroriske impoundment (square miles) sncege Toes Coat) __pattermiset basin in cropland (inches) 
Webster 1956 1,150 000 37 24 
Cheney 1965 933 152,000 «48 $2 27 
Tuttle Creek 1962 9,600 425,000 16 72 32 
Hillsdale 1981 44 68,000 $0 35 4) 





‘Land-use percentages from Nebraska Resources ( omission (! 983), Bureau of Reclamaton (| 984), Kansas Applhed Remote Sensing 
Program (1993), Kansas Department of Agriculture and U S Department of Agnculture (1997), and Putnam (1997) 
Long-term mean annual precipitation 1s based on 1%! -90 data from the National Oceansc and Atmosphenc Administration (19M) 


of the reservoirs also were submitted to the USGS National Water-Quality Laboratory in Denver, Colorado, for 
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analysis of total phosphorus and other chemical 
constiments. Sediment samples from Webster Reservow 
were analyzed for total phosphorus and other chemical 
constituents by the BOR laboratory in Bismarck, North 
Dakota, using both U.S. Environmental Protecnon Agency 
(1997) and USGS methods (Fishman and Fnedman, 1989). 


VARIABILITY OF PHOSPHORUS DEPOSITION 


Estumated mean annual phosphorus yields to the reservow 
watersheds varied from 0.04 pound per acre per year for 
the Webster Reservoir watershed to 1.7 pounds per acre 
per year for the Hillsdale Lake watershed (table 2). The Figure 2. Bottom-sediment cores were collected with a 
relavon between phosphorus concentration and percentage — gravity corer mounted on a pontoon boat. The corer is 
of fines in the sediment has been documented. At Cheney lowered to a designated distance above the sediment and 
Reservoir, for example, a correlation coefficient, r, of 0.96 allowed to free fall to penetrate through the entire 

was determined for the relanon between concentranons of thickness of reservoir bottom sediment 

phosphorus in sediment and percentage of fines in sediment (Pope, 1998). On a per-square-mile-of-watershed 
precipitation and, in conjunction with the relatively hilly topography and substantial percentage of cropland, may be 
prone to more erosion losses per square mile than the other reservoir watersheds in this study. The Webster 
Reservou watershed, in comparison, expenences significantly less precipitation, a mean annual total of 24 inches, 
and has a more gently sloping topography. There also are more than 800 small farm ponds in the Webster Reservow 
watershed that serve as sediment and water traps, reducing streamflow and suspended sediment transport to the 
reservoir (Bureau of Reclamation, 1984, p. 37). 


Historical trends of chemucal constituents in reservoir bottom sediment over time can be an important measure of 
the effectiveness of best-rmnanagement practices (BMP’s) as well as the accumulation effect of phosphorus. 
However, reservoir-bottom-sediment layers can undergo mixing during storms or periods of flooding, or 
phosphorus may be converted from the sediment phase to the dissolved phase. Mixing and conversion can create 
difficulnes in the analysis of trends. 

Substantial conversion of phosphorus in sediment to dissolved phosphorus can occur at the sediment/water interface 
(Lung and Larson, 1995). In Kansas reservoirs, burial of sediment is relatively rapid, which may restrict the effect 
of the conversion process in altering the vertical distribution of phosphorus. However, as previously stated, the 
conversion of phosphorus from the sediment to the dissolved phase may affect the interpretation of shallow 
sediment layers. Table 2. Estimated total sediment deposition and sediment and 

To determine whether bottom sediment had Phosphorus yields to Webster Reservoir, Cheney Reservoir, 


sediment cores were analyzed for cesium- 








137. Cesium-137, a by-product of bey , ao. 
thermonuciear-weapons testing of the (acre-feet per Percentages yield te 
1950's and carly 1960's, is widely Total sediment square mile of — sediment reservoir 


’ ' " and Reservolrer depesitien watershed per deposition, (pounds per 
dispersed by atmospheric deposition 1s oe — aia 





sorbed to soil particles (primarily clay). W 

: , ; ebster 1,330 0.03 8) 004 
Dewcabte costum-I57 conccntation & o..,, 7,800 2s 10 $3 
sediment began about 1952 and peaked tunic creck 114,000 3 4 4) 
about 1964, followed by a steady decline in jy.n.441. 2.100 97 $6 17 





concentrations (Holmes, 1998) 


iIX- 31 334 











Proceedings of **« Seventh Federal Interagency Sedimentanon Conference, March 25 to 29. 200! Reno, Nevada 





Because of its wide dispersal, cesium-137 Tuttle Creek Lake 
can be used as a method to age-date sediment (1962-99) 
layers (McHenry and Ritchie, 1981; Ritchie ae — —— pled 


and Tuttle Creek Lake were built prior to 02+ 
profile from Tuttle Creek Lake (fig. 3). o3L 
l 

tail (decreasing cesium-137 concentration) 04} 


0S} 
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a 
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sediment (fig. 3) suggest that the sediment es 





evaleation of wends in phosphorus deposition o7/ 


was not done on the reservoir bottom os 


t 


depth. Total phosphorus concentrations in as 











Bottom of core 46 
However, the evidence from Cheney 0 02 04°06 U8 10 12 14 18 18 20 


Concentration, in prcocunes per gram 
are larger than in the deeper, older sediment Figure 3. Concentrations of cesrum-| 37 in sediment profile from Tuttle 
(fig. 4). The correlation hy g, Crock Lake 





use in the Cheney Reservoir watershed hes incressed ia the past 33 years, probsbly as 0 result of increased 


phosphorus concentration (Chnstensen, |999). Soth analyses are nonparametric procedures that are based on ranks, 
but Spearman's rho gives more weight to differences between data values ranked farther apart, Kendall's tau is 
resistant to the effects of extreme values. Results from the two tests indicated that there was no discernible trend for 
total phosphorus concentrations with depth in the reservouw bottom sediment from Webster Reservow (Christensen, 
1999). Sumularly, at Hillsdale Lake, no apparent trend was observed between total phosphorus concentration and 
depth in the reservoir bottom sediment (Juracek, 1997), and preliminary results from Tuttle Creek Lake indicate that 
no trend exists (D.P. Mau, USGS, unpublished data on file at the U.S. Geological Survey office in Lawrence, 
Kansas). 
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Figere 4 Concentrations of total phosphorus in sediment profiles from Webster Reservow. Cheney 
Reservow, and Tuttle Creek Lake, Kansas 


The adsorpnon of phosphorus to silt and clay parncles and the association of phosphorus with fine organic matenal 
suggest that phosphorus can be transported farther into the reservow and deposited in the deeper, less turbulent 
water, typically near the dam Larger concentratons of phosphorus, therefore, might be expected m the reservow 
bottom sediment near the dam, especially in the in-channe! locabons which are typically the deepest areas within the 
reservou However, an analysis of bottom-sediment cores from in-channel sites upstream and downstream in the 
reservows provided ambiguous results There were no in-channe! trends m phosphorus concentrations within the 
reservous identified at exther Webster or Hillsdale (Christensen, 1999, Juracek, 1997). However, trends were appar- 
ent at Choney Reservoir and Tuttle Creek Lake (Pope, 1998; DP. Mau, unpublished data on file at the US. 
Geological Survey office im Lawrence, Kansas) 


The extremely low sediment yreld for Webster Reservou, possibly a result of sediment retention from more than 
800 small farm ponds scattered throughout the watershed, in addition to low precyprtaton, might explain the small 
phosphorus yield Hillsdale Lake, m comparison, had the largest phosphorus yield on a per square mule basis. 
Precipitation un the Hillsdale Lake watershed 1s the highest among the watersheds of the four reservows studied and, 
along with the substantial reef in topography, suggests an increased transport of sediment and total phosphorus 
into the reservow The lack of any trend in total phosphorus upstream to downstream, or in-channel versus out-of- 
channel, in Hillsdale Lake 1s surprising but may be related to the fact that the reservow is relatively new (completed 
mn 1981) and trends may not have developed yet 


Trends in depositional patterns of total phosphorus upstream to downstream are evident, however, within Cheney 
Reservoir and to a lesser extent within Tuttle Creek Lake (Pope, 1998; D.P. Mau, USGS, unpublished data on file at 
the US. Geological Survey office in Lawrence, Kansas} Percentage of fines in sediment from Cheney Reservow 
was highest near the dam and progressively decreased farther upstream Phosphorus concentrations showed a 
similar trend, probably because of the adsorption to fine-grained sediment and association with fine organi 
maternal Tuttle Creek Lake data showed increases in mean phosphorus concentrations upstream to downstream, but 
concentrations decreased near the dam. The reason for this 1s unknown but may be related to the hydrodynamics 
and subsequent turbulence created by water releases from the dam A low-energy environment, therefore, may not 
be available near the dam for the smaller particles to be deposited in the bed sediment near the dam 


SUMMARY AND CONCLUSIONS 


Bathymetric surveying and sediment coring were used im this study to examune four reservows in watersheds with 
different topography, soils, underlying geology. land use, and climate The reservours are integrators of watershed 
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activites, and therefore, trends in reservow bottom sedument may be indicative of trends in the watershed Estimated 
Mean annual sediment yields ranged from 0.03 acre-foot per square mile per year in the Webster Reservow 
watershed to 0.97 acre-foot per square mile per year in the Hillsdale Lake watershed. Estumated phosphorus yields 
ranged from 0.04 pound per acre per year im the Webster Reservow watershed to 1.7 pounds per acre per year m the 
Hillsdale Lake watershed The largest phosphorus yield was estimated for the Hillsdale Lake watershed, where the 
largest annual sediment yield occurred. The size of sediment particles also had a strong relahon to phosphorus 
concentrations as documented by the results from Cheney Reservow. This indicates that the amount and size of 
sediment particles can be an umportant factor for phosphorus yield m Kansas reservous. 

Also mmportant are topography and precipitation in the watersheds The hilly topography and higher preciprta‘son in 
the Hillsdale Lake watershed likely caused miore erosion and runoff of sediment and increased phosphorus y eld to 
the reservoir. Precipitation is important because watersheds m Kansas that have more precipitation also have a 
Finally, land use can be an important factor im the variability of sediment and phosphorus yields. Phosphorus in 
Kansas reservows is mainly of nonpoint-source origin and may be related to the application of fertilizers or the 
production of livestock BMP’s may decrease the input of phosphorus to reservoirs from these nonpoimt sources, 
and reservou sediment studies may provide an umportant indx ation of BMP effectiveness. 
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RESERVOIR SEDIMENTATION DURING HIGHWAY 
CONSTRUCTION, OAHU, HAWAII, 1983-98 


By Michael F. Wong, Hydrologist, U.S. Geological Survey, Honolulu, Hawaii and 
Barry R. Hili, Hydrologist, U.S. Geological Survey, Honolulu, Hawaii 


Abstract: Sedimentation surveys were done from 1983 to 1998 at Waimaluhia Reservoir to 
calculate the rate of sediment accumulation during H-3 Highway construction upstream. Rates of 
storage-capacity loss ranged from 1.2 acre-fi/year between 1983 and 1988 to 4.8 acre-fi/year 
between 1988 and 1992. The average rate of storage loss between 1983 and 1998 was equal to 
the design rate of 2.0 acre-fi/year. The average bulk density of deposited sediments was 25 
pounds per cubic foot. On the basis of the bulk density of deposited sediments, loss of storage 
capacity, and measured suspended-sediment loads downstream of the reservoir, it was calculated 
that a total of 24,470 tons of sediment was delivered to the reservoir from 1983 to 1998, of which 
67 percent or 16,500 tons was trapped in the reservoir. Average sediment yield for the 
Waimaluhia Reservoir watershed during this period was $10 tons/mi’/year. A trap efficiency of 
60 percent, bulk density of 65 pounds per cubic foot, and sediment yield of 1,500 tons/mi*/year 
were used to compute the reservoir design loss rate of 2.0 acre-fi/year. These design values were 
based on short-term (1967-69) sediment data. The sediment yield used in the reservoir design 
was about three times greater than measured sediment yields indicating the magnitude: of 
differences that can result when using short-term sediment records for reservoir design purposes. 


INTRODUCTION 


Waimaluhia Reservoir is located on the eastern, or windward, side of the island of Oahu , fig. 1). 
The flood-control reservoir was designed to maintain a permanent pool surface-water elevation 
of 160 fi above mean sea level and lose 2 acre-ft of storage capacity per year due to sediment 
deposition (U.S. Army Corps of Engineers, 1981). A trap efficiency of 60 percent, bulk density 
of 65 pounds per cubic foot, and sediment yield of 1,500 tons/mi’/year were used to compute the 
design loss rate of 2.0 acre-ft/year on the basis of short-term sediment data collected from 1967- 
69 (Jones and others, 1971; U.S. Army Corps of Engincers, 1981). The H-3 Highway was 
constructed in phases upstream of the reservoir between 1983 and 1998. Because the highway 
construction involved substantial disturbance of the land surface, concern was raised over 
possible crosion from the construction areas and subsequent accelerated loss of reservoir storage 
capacity. Because of this concern, the U.S. Geological Survey, in cooperation with the Hawaii 
State Department of Transportation and the Federal Highways Administration, conducted a sernes 
of sedimentation surveys in Waimaluhia Reservoir from 1983 to 1998. 


Elevations within the 3.20 mi’ drainage basin of the Waimaluhia Reservoir range from about 
2,750 ft at the crest of the Koolau Range, to about 150 fi near the reservoir dam site. Median 
annual rainfall near the study area ranges from about 59 in. near the coast to about 100 m. near 
the Koolau crest (State of Hawaii, 1982). Annual rainfall at four rain gages, two National 
Weather Service (Luluku and Pali Golf) and two U.S. Geological Survey (located at stations 
16265600 and 16270900) (fig. 1), operated in the study area ranged from 40 to 130 in. with an 
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average at all four gages of about 73 in. during the 1983-98 study period. Streamflow and 
suspended-codiment data were collected downstream of the reservoir at station 16272200 (fig. 1) 
with a drainage area of 3.81 mi’. Because the dam was constructed upstream of the confluence of 
Luluku and Kamooalii Streams, streamflow at station 16272200 includes water released from 
Waimaluhia Reservoir and perennial streamflow from Luluku Stream, measured at station 
16270900, that does not flow through the reservoir. The streamflow and suspended-sediment 
load discharged from the reservoir can be computed by subtracting the values at station 
16270900 from station 16272200. 


Highway construction within the basin began with the construction of the Halekou Interchange 
upstream of station 16265600 between 1983-88. Numerous court injunctions temporarily stopped 
the construction at various times. Construction of the Windward highway segment, which affects 
most of the basin, began in the summer of 1989 and was completed in the summer of 1992. One 
of the two golf courses, the Koolau, (fig. 1) also was built between 1989 and 1991. 


METHODS 

Sediment accumulation in Waimaluhia Reservoir was monitored by bathymetric surveys of 
monumented cross sections. Cross-sectional surveys were made in 1983, 1988, 1990-95, and 
1998. During each survey, a tagline made of buoyant non-stretching material was attached to the 
two monuments defining the end points of each cross section. Because of wave action and wind 
deflection, positional coordinates determined from tagline readings are considered accurate to the 
nearest foot. The depths from the water surface to the bottom of the reservoir were determined to 
a precision of 0.01 ft with an accuracy of 0.05 ft, because of the effects of wave action. Depths 
were measured with a sounding weight fabricated with an 8 in. diameter perforated base designed 
to prevent the sounding weight from sinking into soft bed sediments. A modified surveying rod 
was used to measure water depths where vegetation growth near the shoreline interfered with use 
of the sounding weight. The modification involved the addition of an 8 in. diameter perforated 
wood base designed to prevent the surveying rod from sinking into soft sediments. Both the 
sounding weight and the surveying rod were fabricated or modified such that all readings were 
direct. Samples for bulk density were collected from the reservoir bottom using a clam-shell 
sampler at six locations in 1993. 


The design shoreline altitude of 160 ft was used for creating the bathymetric contour maps and as 
a reference datum in the reservoir volume calculations. The bed-elevation data points were 
plotted on a map of the reservoir and bathymetric contour lines at a 2 ft interval were drawn by 
hand for each survey. The contour lines were then digitized and entered into a GIS program. 
Figure 2 is the 1998 bathymetric map and is shown as an example of site bathymetry. Reservoir 
volumes were computed from the digitized contours by the GIS program using a triangulated 
irregular network (TIN) algorithm. 
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Figure 2. Bathymetry of the Waimaluhia Reserve _ 998, Oahu, Hawaii. 
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SEDIMENTATION 

Rates of sediment accumulation in Waimaluhia Reservoir were determined by computing the 
changes in storage volume between surveys. Computed surface area and storage volume for each 
survey are shown in table 1. The total loss of storage volume during the construction period 
(1983-98, 15 years) was 30.3 acre-ft which gives an average loss rate of 2.0 acre-ft/year. During 
1983-88, when construction of the Halekou Interchange took place (fig. 1) total storage loss was 
5.9 acre-ft or an average of 1.2 acre-ft/year. The period of major construction activity in the 
watershed was the Windward highway construction which took place between 1989 and 1992. 
No sedimentation survey was done in 1989, so storage loss for this period was computed from 
the 1988 survey data which was done after the Halekou Interchange construction was completed. 
The total storage loss from 1988 to 1992 was 19.0 acre-ft which is equivalent to an average rate 
of 4.8 acre-ft/year. The total storage loss from 1992 to 1998 after all intensive construction work 
was completed was 5.4 acre-ft for a loss rate of 0.9 acre-ft/year. For the entire period of intensive 
construction work from '983 to 1992, the total loss was 24.9 acre-ft, equivalent to a loss rate of 
2.8 acre-ft/year. 

Tabie 1. Comput’d area, volume, average bed altitude, and change in volume for Waimaluhia Reservoir, Oahu, 


Hawaii, 1983~95, based on bathymetric maps 
[Area, volume, and calculated bed-altitude values are relative to 160 0 feet mean sea level poo! elevation, bed altitude calculated by dividing 


volume by area, and subtractng that value from 160 0 feet, change in volume calculated by subtracting volume for previous survey's volume] 








A 
Date of survey Surface area Storage volume rp Change in volume 
(acre) (acre-feet) (feet) (acre-feet) 

September 1983 26.8 239.6 ISL. 

November 1988 26.7 233.7 151.3 -$.9 
August 1990 26.5 223.1 151.6 -10.6 
September 1991 26.3 218.6 151.7 -4.5 
September 1992 26.3 214.7 151.8 -3.9 
August 1993 26.4 215.8 151.8 +1 
July 1994 26.3 213.9 151.9 -19 
September 1995 26.4 212.3 152.0 “1.6 
July 1998 26.2 209.3 152.0 -3.0 





The trap efficiency of Waimaiuhia Reservoir and the sediment yield of the surrounding ¢:ainage 
basin were determined from the bulk density, storage capacity, and suspended-sediment data. 
The average of all six bulk density samples of reservoir bottom sediments was 0.40 g/cm’ or 25 
pounds/ft’. This value is quite low when compared to the average values of 40 to 65 pounds/ft’ 
for submerged ciay-silt mixture sediments (Geiger, 1963; Lara and Pemberton, 1963) and from 
suspended sediments (57 pounds/ft’) sampled by Jones and others (1971). However, the 25 
pounds/ft’ value is not unusual when compared to the range of specific weights, 20 to 120 
pounds/ft’, determined for permanent pool reservoirs throughout the United States (Lara and 
Pemberton, 1963). Multiplying the total amount of sediment deposited in the reservoir, 30.3 acre- 
ft, by the average bulk density, 25 pounds/ft’, gives the net amount of sediment trapped in the 
reservoir from 1983 to 1998, which is 16,500 tons. For a similar period from 1985 to 1997, for 
which complete years of data are available at stations 16270900 and 16272200, the suspended- 
sediment load that flowed through the reservoir was 7,700 tons. The total amount of sediment 
delivered to the reservoir can be estimated as the sum of the 16,500 tons deposited and the 7,700 
tons discharged, or 24,200 tons. This number divided by the reservoir’s drainage area of 3.20 mi’ 
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and the time of 15 years gives a sediment yield of 504 tons/mi’/year. Adjusting the sediment load 
data to account for water years 1983-84 and 1998 by estimating through a comparison of 
sediment loads at stations 16270900 and 16272200 and partial years of record for 1984 and 1998 
at station 16270900 only increased the load to 7,970 tons and sediment yield to 510 
tons/mi’/year. This value is about three times smaller then the sediment yield of 1,500 
tons/mi’/year used in the design of the reservoir. The trapping efficiency of the reservoir was 
computed by using the total suspended sediment load flowing through the reservoir (7,970 tons) 
and dividing by the total sediment yield or the sum of the total amount of sediment deposited 
(trapped) in the reservoir (16,500 tons) plus the amount flowed through (7,970 tons). Thus, the 
trapping efficiency is [1 - (7,970/24,470)] x 100 percent or 67 percent. This value compares 
favorably with an estimate of trap efficiency using the capacity/inflow (C/I) ratio relationship 
described by Brune (1953). A C/I ratio of 0.03 was computed for Waimaluhia Reservoir on the 
basis of the average of the 1983 and 1998 storage capacities and streamflow data at station 
16272200. From figure 6 in Brune (1953) the trap efficiency is 70 percent with a possible range 
of 60 to 80 percent. Both the computed value and the value taken from Brune (1953) are slightly 
higher than the 60 percent trap efficiency design value. 


SUMMARY 


The rate of sediment accumulation for the entire period of construction from 1983 to 1998 was 
2.0 acre-ft/year, which was equal to the design loss rate. During the period of intensive 
construction activities, 1983-92, the loss rate was higher at 2.8 acre-ft/year. The highest loss rate 
of 4.8 acre-ft/year occurred during the period of greatest land disturbance during 1988-92. A trap 
efficiency of 60 percent, bulk density of 65 pounds per cubic foot, and sediment yield of 1,500 
tons/mi’/year were used to compute the design loss rate of 2.0 acre-fl/year on the basis of short- 
term sediment data collected from 1967-69 (Jones and others, 1971; U.S. Army Corps of 
Engineers, 1981). A trap efficiency of 67 percent, bulk density of 25 pounds per cubic foot, and a 
yield of 510 tons/mi’/year were computed from data collected in this study. The differences in 
these two sets of values indicate that short-term sediment records used to predict reservoir 
sedimentation can result in large discrepancies. 
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SEDIMENT DEPOSITION RATES AND CARBON CONTENT IN THE SOILS OF AN AGRICULTURAL 
RIPARIAN ECOSYSTEM 


Jerry C. Ritchie, Soil Scientist, USDA-ARS, Beltsville, MD 20705 
Gregory W. McCarty, Research Soil Scientist, USDA-ARS, Beltsville, MD 20705 


Abstract Research over the past 20 years has shown that mpanan ecosystems capture sediments. carbon, and nutrients 
in the overland flow from upland watersheds. The purpose of this study was to determune the sediment deposition rates 
and carbon content of the soils/sediments in a rrpanan wetland ecosystem adjacent to a small first-order stream that 
drains an agncultural forest area. The soils of the mpanan area consist of histosols buned by recent seduments. Sediment 
deposition rates were determined using the '’’Cesium technique to determine the 1954 and 1964 deposition layers. 
Profiles of deposited sediments in the mparian area and soils of the upland agncultural area were collected in 5 cm 
increments and the concentration of ‘Cs in each increment was used to determine the sediment layer deposited in 1954 
and 1964. Sediment deposition rates for the 1964 to 2000-period ranged from 0.14 to 0.69 cm yr‘ with an average of 
0.39 ¥ 0.20 cm yr' while deposition rates for the period from 1954 to 1964 ranged from 0.50 to 2.00 cra yr’ with an 
average of 1.30 ¥ 0.44.cm yr‘. Changes im rates of deposition between the two periods probably reflect changes in land 
use and agricultural practices in the watershed. '’’Cs in the upland agricultural soils was uniformly distributed in the 
tilled layer. Carbon content of the rmarian profiles in the 0-5 cm layer ranged from 2.4 to 14.4 % with an average of 
8.0 v 4.1 %. Carbon content of the 0-5 cm layer of the upland soils ranged from 0.8 to 3.0 % with an average of 1.7 
v 0.6 %. The mparian sediments (0-15 cm) have a fivefold increase in carbon as compared to the tilled layer (0-15 cm) 
of the upland soils indicating that large amounts of carbon have been captured within this zone of sediment deposition 
in the mpanian zone. The recent mparian sediments (0-5 cm layer-8.0 % C) are enriched in carbon as compared with the 
older mparian sediments (30-35 cm layer - 3.4 % C). Rates of carbon buildup are higher than those that occurred in the 
premodem sediment of the wetland. These data suggest that carbon content in this mpanan ecosystem 1s associated with 


INTRODUCTION 


A defining feature of landscapes in the Coastal Plain Province of the Eastern United States is the presence of areas of 
forest especially narrow strips or bands of forest and other vegetation along streams and waterways 1n areas that are too 
wet or too steep for agricultural use. These mparian ecosystems are recognized for having many valuable functions such 
as sediment trapping, nutnent removal, ground water recharge, flocd reduction, and carbon storage. Research over the 
past 20 years has indicated that mparian ecosystems are effective buffers for reducing soil and nutnent movement from 
upland agricultural areas to streams in the Atlantic Coastal Plain. (i.¢., Sheridan et al. 1999, Gilliam 1994; Cooper et 
al. 1987; Lowrance et al. 1986). Eroding soils transported to the nparian zone are deposited before they can enter the 
stream to be transported out of the watershed (Sheridan et al. 1982). 


Wetlands, including mparian wetlands, form one of the largest carbon pools in the terrestrial biosphere (Armentano and 
Menges 1986; Moore and Bellamy 1974). Riparian wetlands usually receive matenal fluxes from the upland watershed 
and are considered sinks for sediment, carbon, and nutnents (Craft and Casey 2000). However, there are wide vanatons 
in the fluxes of sediment and carbon into mpanan wetland depending on land use and management in the watershed as 
well as environmental factors. 


The purpose of this study was to determine the rates of sediment deposition using the '’’Cesium ('"'Cs) technique in a 
riparian ecosystem adjacent to a small first-order stream that drains an agricultural/forested watershed in a Northern 
Coastal Plain area of Maryland. These sediment deposition rates will be used along with carbon content data to calculate 


STUDY AREA 


The study area is located on the Northern Coastal Plain physiographic province at the USDA-ARS Beltsville 
Agricultural Research Center in Beltsville, Maryland. The nparian ecosystem borders a first-order stream that drains 
an agricultural and forested watershed (Fig. 1). The watershed is approximately 40 m above sea level. The forest in 
the riparian zone is a mature bottomland forest typical of mpanan wetland areas in the Coastal Plain of Maryland west 
of the Chesapeake Bay. Coastal Plain sediments of gravel, sand, silt and clay underlie the area. The soils of the mpanan 
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Figure 1. Aerial photograph of study area showing the riparian and upland watershed 
sampling transect. 


area are histosols (organic soil) which have been buried by 20 to 50 cm of recent sediments. The soils in the upland 
watershed are Hapludults, Paleudults, and Fragiudults consisting of four soil mayor serves, Downer-Muirkirk-Matawan 
sandy loam, Bourne fine sandy loam; Matawan-Hammonton loamy sand, and Downer-Ingleside loamy sand. A clay 
layer at varying depth that acts as an aquiclude underlies the watershed 


Part of the watershed is the primary site for an USDA-ARS research program (OPE’ - Optimizing Production Inputs 
for Economic and Environmental Enhancement) to compare the effects of different management treatments 
(conventional farming, precision farming, and animal waste treatments) on agricultural production systems (Dulaney 
et al. 1998). Four watersheds have been established for monitoring the effects of the different production systems. The 
OPE’ watersheds have been well characterized for the chemical and physical properties of the soils as well as other 
physical properties of the watershed. Runoff and nutrient movement from the watershed is monitored 


The Chesapeake Bay influences the climate of the area. Based on climatological data collected at the Baltumore- 
Washington International Airport (1871-1999), which is approximately 30 km north of the study area, average annual 
temperature is approximately 13°C with monthly averages ranging from -4°C in February to 27°C in July. Average 
annual rainfall is 1035 mm with a range from $47 to 1584 mm for the 1871-1999 period 

METHODS AND MATERIALS 


Samples of the upland watershed and riparian zone were collected by pressing a 1 5-cm plastic corer into the soils or 
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sediment to a depth of 30-40 cm. Samples were extruded from the corer and divided ito 5 cm increments. Sample in 
the mpanan zone were collected along eight transects (Fig. 1) with three profiles on cach transect. Profiles were 
collected from the edge of the mpanan zone to the stream channel. Soil samples on the upland watershed were collected 
along transects from the upper part of each of the four OPE’ watersheds to the lower edge of the watershed. 


Soil and sediment samples were dried at 90°C for 48 hours and weighed. The samples were passed through a 2-ram 
screen. A 1-liter Marinelli Beaker was filled with approximately 1000 g of the sieved soil and sealed for gamma ray 
analyses. Gamma-ray analyses were made with a Canberra’ Genie-2000 Spectroscopy System. This is a Windows- 
based software/hardware package that receives input into two 8192 channel! systems from two solid state crystals. One 
crystal is a Canberra Lithium-dnifted Germanium crystal (GeLi - 15% efficiency) and the other is a Canberra high purity 
coaxial Germanium crystal (HpC - 30% efficiency). The system is calibrated and efficiency determined using an 
Analytic’ mixed radionuclide standard (10 nuclides) whose calibration can be traced to U.S. National Institute of 
Standards and Technology. ‘Cs is detected at 662 Kev and count time for cach sample provides a measurement 
precision of V 4 to 6 % on most samples. Estimates of radionuclide concentration of the samples are made using 
Canberra Genie-2000 software. '’’Cs concentration is expressed in becquerel per gram (Bq g'). 


Using ‘Cs to estimate sediment deposition rates is based on measurements of ‘*’Cs concentrations in depositional 
profiles (Ritchie and McHenry 1990). Two dates (1954 and 1964) can usualiy be determined. First global deposition 
of "Cs occurred in 1954 and maximum deposition occurred in 1964. Soil erosion rates are estimated by comparing 
'"Cs concentration at a sample point with local fallout input of "Cs as measured at the reference site where no loss of 
'"Cs has occurred (Ritchie and McHenry 1990). Sample sites with ''"Cs concentrations jess than the reference sites are 
eroding and sampling sites with higher concentrations are sites of depositxxe. Actual estimates of soil erosion and 
redeposition rates based on '’’Cs concentrations are made using the models ari software developed by Walling and He 
(1999). 


Soil carbon analyses were performed by dry combustion using a Leco CNS 2000 elemental analyzer. Carbon 
concentration is expressed in percent (%). 


RESULTS AND DISCUSSION 


The distribution of '’Cs in the upland soil was uniform in the plow layer (Fig. 2). This is typical of agricultural soils 
where tillage operations uniformly mix '’’Cs in the upper part of the profile. In undisturbed soil profiles "Cs 
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Figure 2. Average depth distribution of '"Cs in upland Figure 3. Depth distribution of "Cs in riparian profile 
soll profiles (Average of 17 profiles). A. Marks show 1954 and 1964 layers. 





' Trade names are included for the benefit of the reader and do not umply an endorsement of o a 
preference for the product listed by the U.S. Department of Agnculture. 


IX - 43 ve BS, 








Proceedings of the Seventh F ederai Interagency Sedimentation Conference, March 25 to 29, 2001. Reno, Nevada 























04 0-6 
§-10 5-10 
10-15 Pas tl 10-16 
516.20 18.20 
28-30 28-30 
30-35 30-35 
36-40 36-40 
os ob HHH °o 6 080 6 MO Ho MW 
Cs-137 (Byg) Cs-137 (Bag) 
Figure 4. Depth distribution of "Cs ina riparian Figure 5S. Depth distribution of "’Cs in a riparian 
profile B. Marks show 1954 and 1964 layers. profile C. Marks show 1954 and 1964 layers. 


concentration shows an exponentia! decrease with depth with most of the ‘Cs in the surface layer (Ritchie and 
McHenry 1990). Depth distribution of "Cs in the soil profiles from the riparian zone varied (Figs. 3-5). Depth to the 
maximum '*’Cs concentration ranged from the 0-5 cm layer to the 20-25 cm layer in different profiles. Average depth 
to the maximum '’’Cs concentration was 12.5 V 7.2 cm for 12 profiles. Assuming that the maximum concentration of 
‘Cs in the profiles occurred in 1964, the year of maximum fallout of ''"Cs from the atmosphere, then deposition rates 
from 1964 to 2000 ranged from 0.14 to 0.69 cm yr' with an average of 0.39 VY 0.20 cm yr' for these 12 profiles. Depth 
to the 1954 sediment layer beyond which there is no detectable ‘Cs ranged from the 10-15 cm layer to greater that 40 
cm. Sampling depth in 5 of the 12 profiles did not go deep enough to reach a layer with no "Cs concentration. 
Calculating depositon rates for the 1954 t 1964 penod based on difference between the maximum depth of detectable 
"Cs and the depth of the maximum concentration of "Cs show 2 range of 0.5 to 2.0 cm yr’ with an average of 1.3 V 
0.4 cm yr'. However, this average rate should be higher since the total depth of '""Cs containing layers was not reached 
in 5 of the profiles. The difference in deposition rates between the 1954-1964 period and the 1964-2000 period could 
be due to changing management practices in the watershed that reduced the amount of soil loss in the watershed or a 
reduced efficiency of the mpanan zone to capture the soils moving through the area. 


area. A wide range of sediment depositios rates has been pubiished for mparian areas and floodplains (i.¢., Ritchie et 
al. 1975; Cooper et al. 1987; Lowrance et al. 1988; Walling and Bradley 1989). The sediment deposition rates 
calculated for our study area are in the mad range of those published. 


Carbon in the upland agriculture! soi! was uniformly distributed im the tilled layer (0-15 cm) with decreases in the layer 
below 15 cm (Fig. 6). Carbon concentration in these soils ranged from 0.65 to 2.96 % with an average of 1.56 V 0.51 
% im the 0-15 cm layer while soils below the tilled layer (15-30 cm) ranged from 0.17 to 1.57 % with an average of 0.57 
¥ 0.37%. Total carbon in the upper 15 cm of the profile was 2.96 kg m* with a total of 4.19 kg m° in the upper 30 cm 
of the uplaad soils. 


Carbon content of the riparian profiles was 2 to 6 times higher than the upland soil in the recent deposits (Fig. 7). 
Carbor. content of the 0-5 cm layer in the riparian zone ranged from 2.4 to 14.4 % with an averaged 8.0 V 4.1 % and 
was significantly higher than the other layers This is an almost five-fold increase over the average carbon content (1.7 
¥ 0.6 %) in the surface soils (0-5 cm) of the upland area. Carbon in the 0-15 cm layer ranged from 0.85 to 14.4 % with 
an average of 5.55 V 3.18 % for six profiles while carbon below 15 cm ranged from 0.75 to 14 5 % with an average 
of 3.18 V 4.59 %. Carbon content in the 35-40 cm iayer was similar to the carbon content of the upland soil. Total 
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carbon in the upper 15 cm of the riparian profile was 7.49 kg m* with 13.51 kg m” in the upper 30 cm of the riparian 
profiles. This is an increase of total carbon by a factor of 2.5 and 3.2 for the upper 15 cm and upper 30 cm of the npanan 
profiles, respectively, when compared to the upland soil profiles. These data suggest that in addinon to the carbon that 
1s being captured from the overland flow im the mpanan zone, pnmary production in the mparuin zone 1s contributing 
to the buildup of carbon in the mpanan profiles. 























0-6 os 
5-10 6-10 
10-16 10-15 
16-20 16-20 
i ne 
30-35 30-36 
35-40 35-46 
S. %.8 Bases ©. 2-9 0 2 4 ‘ ® 
Carbon (%} Carbon (%) 
Figure 6. Depth distribution of carbon in upland Figure 7. Depth distribution of carbon in riparian 
soil profiles (Average of 23 profiles). soil profiles (Average of 6 profiles). 
SUMMARY 


The mparian area in this study 1s acting as a filter removing eroded soils from the overland flow before it reaches the 
stream. Sediment deposition rates measured using ‘’'Cs for the 1964 to 2000 period ranged from 0.14 to 0.69 cm yr' 
with an average of 0.39 VY 0.20 cm yr’ while deposition rates for the period from 1954 to 1964 ranged from 0.50 to 2.00 
cm yr with an average of 1.30 V 0.44 cm yr'. Studies are underway to estimate the erosion rates in the watershed. 
Combining these two data sets (erosion taies in the watershed and sediment deposition rates in the mpanan zone) will 
permit estimates of the efficiency of the mparen zone for capturing eroded maternal from the overland flow. 


Carbon content of the uplang soils and the mpanan sedunents indicates that mpanan buffer systems can be an important 
component of the overall watershed carbon budget. Our estsmate of carbon storage in the mparian wetland 1s 5-8 times 
that in agricultural sotls in the watershed im the upper 30 cm of the profile. Other studies (Ritchie and McCarty 2000) 
would indicate that there may be as much as 10-15 times more carbon in the total profile (0 - 200 cm) of the nipanan 
zone. In terms of the total amount of carbon stored within soil resources of this watershed, the wetland may constitute 
a major portion of the soil carbon budget. This study supports the concept that mparian wetlands are sinks for carbon 
and may be significant sites for carbon sequestraion. 
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COLLECTING SEDIMENT YIELD DATA FROM SEDIMENT DEPOSITS IN SMALL 
PONDS: POSSIBILITIES AND LIMITATIONS 


By Gert Verstracten, Postdoctoral Fellow of the Fund for Scientific Research-Flanders; J. 
Poesen, Research Director of the Fund for Scientific Research-Flanders 


Laboratory for Experimental Geomorphology, K.U.Leuven, Redingenstraat 16, B-3000 
Leuven, Belgium. Phone: ++32/16/32.64.11; Fax: ++32/16/32.64.00; e-mail: 


gert. verstracten @geo.kuleuven.ac.be 


Abstract: Assessment of sediment transport to river channels is one of the major issues in 
watershed management studies. At present much is known about the rates and controlling factors 
of soil erosion by water, the primary source of sediment in river channels. Data on annual 
sediment loads in larger river basins are also available. The linkage between soil crosion 
processes on hillslopes and levels of suspended sediment in larger nver channels, however, 
remains poorly understood, partly because no data are available for the intermediate scale. This 
paper discusses the possibilities and the limitations that sediment deposits in small ponds have to 
assess the sediment yield from these smaller watersheds (< 100 km’). 


INTRODUCTION 


Probably one of the most important environmental problems associated with soil erosion by 
water is the high level of suspended sediment in nver channels. Sediment deposition within 
riverbeds or reservoirs causes problems for navigation, water supply or energy production. 
Furthermore, sediment loads distur!) aquatic environments, especially if many pollutants, c.g. 
phosphates, nitrates or heavy metals, are associated to sediment particles. A prediction of annual 
sediment delivery values to river channels is therefore highly needed. This can be done by 
lumped regression models using watershed characteristics (c.g. Bazoffi et al., 1996; Onstad, 
1984; Flaxman, 1972) or spatially distributed models (¢.g. LISEM, De Roo, 1996; SEDEM, Van 
Rompacy et al., submitted). The construction of these lumped models and the validation of 
spatially distributed soil erosion and sediment delivery models, however, requires a dataset on 
measured sediment yield values. 


In the past, much research has focussed on the rates and controlling factors of soil erosion by 
water on rather small spatial scales varying from plot box studies in the laboratory over small 
field erosion plots to field parcels and very small watersheds of a few ha. On the other hand, 
sediment yield data from several large nver basins (> 1000 km’) are available. Little information 
exists, however, for small watersheds (1-100 km’) that act as a very important link between the 
sediment sources in the landscape and the larger nver channels. In this paper we will discuss a 
methodology to provide data on sediment yield for these small watersheds through the use of 
pond sediments. Throughout the world, several million of ponds are constructed for irrigation 
purposes, water supply or flood control. In many of these ponds, sediment deposition can be 
observed. 


IX - 47 








Proceedings of the Seventh Federal ineragency Sedimentanon Conference March 25 to 29 200! Reno Nevada 


ASSESSING SEDIMENT YIELD USING SEDIMENT DEPOSITS IN PONDS 


Methodology: Sediment deposits in smal! ponds, lakes or reservoirs can be used to assess the 
sediment yield from the corresponding watershed with eq. (1): 
SY = = (1) 


TE 
with SY sediment yield (t yr" ), SV the measured sediment deposition rate in volumetnc units 
(m’ yr"), dBD the dry bulk density of the sediment deposits (t m™”) and TE the sediment trap 
efficiency of the pond (%). 


Possibilities: The use of sediment deposits as presented by og. (1) provides a cheap alternative to 

measure sediment yield compared to standard procedures like (1) sediment rating curves or (2) a 

suspended sampling program (measuring both discharge and sediment concentration). No 

expensive monitoring equipment has to be installed, neither are frequent field visits and 

maintenance operations required. At regular time intervals, ¢.g. once every year, the sediment 7 
level .n the pond is measured with total station. Comparing two successive pond surveys gives 

the sediment deposition volume for the considered pernod. Since this method uses existing 
infrastructure and requires a minimum of time, many ponds can be surveyed annually over 

relatively large areas, providing information on the spatial variation in sediment yield 


Analysis of sediment cores taken from the ponds makes it possible to identify multiple 
depositional events. If eq. (1) is used for each event, a probability distribution of event sediment 
yields can be made (e.g. Laronne, 1990), which is similar to probability distributions of rainfall 
or runoff. In this way, ponds provide as much information on sediment delivery to river channels 
as continuous measurements of suspended sediment concentrations do. 








LIMITATIONS OF THIS METHODOLOGY 


As is often the case with measuring techniques, the proposed methodology has some important 
limitations, which can be related to the estimation of cach parameter needed to apply eq. (1). For 


each pond for whici: sediment deposition rates are known (i.c. SV), representative values for 
dBD and TE are needed. The accuracy on the calculated sediment yield value will therefore not 
only depend on the accuracy of the calculation of SV, but also on that of dBD and TE. The error 
on the calculated SY, E(SY), can be esscssed by” 


r 
; 2 


asnr= 19S) Eix,) (2) 


t= 
where x, represents SV, dBD and 1, and E(x,) equals the associated error on cach of these 
parameters. Each of these possible errors will be discussed. 





Sediment deposition volumes: The sediment level in the pond tceds to be surveyed at regular 
time penods. This can be done with standard equipment (total station). By comparing two 
successive surveys with appropriate soft ware (e.g Surfer®, Golden Software Inc.), the recently 
deposites sediment volume can be cak-uiated. The accuracy on SV will depend on both the 
accuracy of the survey and that of the volume computation. During survey, it is important that 
well-fixed checkpoints are used, which are not subject to even minor vertical or lateral 
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representation of marked topographical points in the survey (¢.g. edges). This is illustrated for 
five successive surveys in a smal! pond (Fig. 1). The exact transition from the pond bottom to the 





Table 1: Computed values of SV forfour periods in a2000 «UMS. WAS nok Surveyel at CX san 
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sediment 
August 1997-February 1998 31 13 errors in SV. Table 1 compares the 
Februari 1996-Suly 1996 6 ° calculated values of SV for two 
aE 1998 a = : 1) all ’ . on 
Tail survey points used, incl talus (m’) used, including those on the talus; 2) 
* caly with survey points on the pond boom (m’) only those points in the pond bottom, 
note a survey error of S mm corresponds with 4 m’ where deposition takes place, are 


Dry sedimes: bulk density: Sediment yield data are normally expressed in mass units (1 yr ') so 
measured sediment volumes need to be converted to sediment masses using a representative 
value of the dry sediment bulk density (4BD, t m”). Data from several large US reservoirs 
showed that (BD is controlled by sediment texture, hydrologic condition (acrated-submerged) 
and the thock css of sediment deposits (e.g. Morris and Fan, 1998). Several empincal equations 
and overview wie have been established in the past using these data and are nowadays widely 
used (e.g Lane and Koelzer, 1943; Miller, 1953; Koelzer & Lara, 1958; Lara and Pemberton, 
1963; Komura, 1963; USDA, 1983). 


Tc wi Of these Lochmiques for sediment deposits in small ponds, however, may yield significant 
errors a* ‘* \'tustraied for flood retention ponds in central Belgium (Verstracten av. Posen, in 
press). The di! of the deposits within cach of the 13 studied ponds vary both in space as with 
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Table 2 Dry sediment bulk density (dBD) of sediment deposits in 13 flood retention ponds in central Belgium. 








pond overall prevailing number dBD(tm )ofall meandBD CV (%) 
texture hydrologic of samples (tm)  (95%)° 
condition® samples min. - max. 

" Sterrebeek silt loam E, Se 10 1.158 - 1.343 1.265 10 
Ciplet silt loam E, Se 30 1.187 - 1.430 1.320 19 
Hannut silt loam E 11 1.152 - 1.472 1.350 14 

Ville-en-Hesbaye silt loam S, Eld 5 0.888 - 1.171 1.002 23 
Holsbeek loamy sand S, Eld 12 1.003 - 1.443 1.185 21 

Hammeveld silt loam E, Se 40 1.140 - 1.580 1.340 19 
Mullem sand S 11 0.738 - 1.304 1.035 31 

Mun: Sosbeek sand E,G 10 0.946 - 1.325 1.112 10 

Broenbeek saad S 3 0.860 - 0.956 0.776 10 

St.-Jansbeek sand S 8 0.313 - 1.403 0.955 80 

Steenbeek sand S 3 1.007 - 1.140 1.096 14 
Nerm silt loam E, Se 15 0.871 - 1.536 1.313 25 


silt loam E, Se 8 





1.239 - 1.321 1.27 7 





Hoegaarden 
*E: normally empty; Se: submerged for several weeks after a runoff event, S: normally submerged, Eld: empty 


after a long dry period; G: high groundwater level, sediments mostly saturated. 
° CV (%) (95 %): coefficient of variation at two standard deviations, i.c. 2 times the standard deviation divided 


by the mean. 


time. Mean dBD for each pond varies from 0.78 t m® to 1.35 t m™ (Table 2). Sediments that are 
mostly aerated have higher values of dBD while this is lower for submerged sediments. This 
observation is in agreement with the data from large reservoirs. This is not the case, however, if 
sediment texture is considered: coarser sediments have lower observed values of dBD than finer 
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Fig. 2: Predicted versus measured mean dBD for seven ponds. 
(+) Komura (1963); (%) Miller (1953) with values of Lane and 
Koelzer (1943); (:) Miler (1953) with values of Lara and 
Pemberton (1963). 
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sediments. Since most submerged 
ponds are characterised by coarse 
sediments and the dry ponds by finer 
sediments, it might be concluded that 
for the studied ponds, the hydrologic 
condition is more important in 
controlling dBD than sediment texture 
does. As most empirical equations from 
large reservoirs give more importance 
to sediment texture, it was not 
surprising that their predictions for the 
studied ponds were not satisfactory 
(Fig. 2). The fact that the hydrologic 
condition of the ponds were in most 
cases not static but rather dynamic 
(changing from dry to submerged and 
back to dry in short time spans) also 
contributed to errors in predicted dBD. 
Errors on the mean predicted dBD 
varies from 1% to 72% with mean 
values in the order of 20%. It should be 
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noted that one method might yield good predictions for one pond but bad predictions for other 
ponds and v.ce versa. 


This illustrates that the use of simple empirical equations outside the area where they were 
constructed for (i.e. large reservoirs with rather static conditions) can lead to substantial errors. 
Frequent and dense sampling of pond sediments is therefore needed to reduce the nsx of large 
errors in dBD. 


Sediment trap efficiency: The proportion of the inflowing sediment that is deposited in a pond 
is called the sediment trap efficiency (TE). Verstraeten and Pocsen (2000) gave an overview of 
the various methods that can be used to predict TE. Many empiricai relations have been drawn in 
the past, mostly for normally ponded reservoirs, bascd on easy calculated parameters like a 
capacity/inflow ratio (e.g. Brune, 1953; Brown, 1943; Churchill, 1948; Heinemann, 1981). These 
models, however, are not suitable for smaller ponds with highly variable hydrologic conditions, 
certainly if they are not normally ponded. Furthermore, the empirical methods are valid for mid- 
term to longer term predictions of TE, while this methodology needs values for TE for each 
period for which SV is measured. Year to year variations in rainfall and runoff may cause 
varying values of annual TE. For a small flood retention pond in central Belgium (2000 m’), 
annual TE as calculated with several of these empirical equations ranges from 9% to 94%, 
depending on the assumptions that have to be made. It is clear that this is not a valid basis to 
calculate sediment yield values. 





On the other hand, many theoretical models have been constructed based on the principles of 
sedimentation physics in water (e.g. DEPOSITS, Ward et al, 1977; CSTRS, Wilson and Barfield, 
1984; BASIN, Wilson and Barfield, 1985). These models, however, produce TE values for single 
events, whilst using eq. (1), a mean TE value for the period over which SV is deposited is 
needed. Verstraeten and Poesen (2000) concluded that the lack of theoretically based models that 
predict the mid-term TE for small ponds with varying geometric and hydraulic characteristics 
makes a correct interpretation of sediment records in small ponds difficult. Recently, a first 
approach to solve this problem is made by the development of STEP (Sediment Trap Efficiency 
model for small Ponds; 
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events. Fig. 3 shows the 80 

results of simulations with # |-{--\-----g---Né-\e-de--h- 

STEP for a small flood # 7 | / 

retention pond in central 

Belgium (2000ra’) for a 30- VO 
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(weighed for the annual _ boii = wa, 

deposited sediment volume). Fig. 3: Annual variations in simulated TE for a 2000 m’ pond. 
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Total errors on sediment yield: Using eq. (2) the error on computed SY (eq. (1)) can be 
estimated. If SV, dBD and TE can be estimated with an accuracy of 20%, which are realistic 
error values, total errors on SY for 21 small ponds surveyed in central Belgium can be estimated 
at 38%-201%, with a median error of 43%. These errors can be reduced if dBD is measured by 
dense sampling, and when surveying is done carefully. For a 29 ha area with a 2000 m’ pond, the 
calculated SY totals 107 t yr’ if TE and dBD are calculated with empirical equations and with 
incorrect survey procedures (see Table 1). If, however, measured dBD is used, good survey 
points and observed values of TE (only available for this particular pond), SY equals 148 t yr’, 
wh.ch is 38% higher than the first, rough estimate. 





IMPLICATIONS ANP CONCLUSIONS 


It can be questioned whether these mean errors on computed sediment yield of 40% to 50% are 
acceptable. These errors should therefore be compared to errors associated with other methods to 
quantify SY. The use of sediment rating curves, which are based on a limited number of samples, 
can also result in significant errors on computed sedimeiu load (Walling and Webb, 1981; 
Walling, 1994; Robertson and Roerish, 1999). Frequently, sediment load is underestimated with 
sediment rating curves, often up to 60%-80% (Walling and Webb, 1981). If the sediment load is 
measured together with runoff discharge, the accuracy will depend on the sampling regime and 
sampling frequency (e.g. Robertson and Roerish, 1999). Steegen et al. (2000) found that the 
widely used technique of time-spaced sampling underestimates sediment yield with 20% to 35% 
compared to flow-proportional sampling (storm chasing). In addition, the operation of sampling 
suspended sediment in river channels will also generate errors. Steegen and Govers (in press) 
showed that errors up to 25% are made if the sample is taken near the bottom of the flow, due to 
the existence of a concentration gradient in the flow. 


Overall, mean errors associated with eq. (1) are not too high compared to those of other methods, 
certainly not if attention is paid to survey accuracy and dBD assessment which would reduce the 
errors to 20%-30%. It can therefore be concluded that the methodology described in this paper is 
a valuable tool for studying spatial variations in sediment yield from various watersheds over 
relatively large areas (e.g. Verstraeten and Poesen, submitted b). This makes it possible to 
construct lumped regression models to predict sediment yield for other watersheds. Furthermore, 
these collected data can be used for calibrating and/or validating spatially distributed sediment 
yield models (e.g. Van Rompaey et al., submitted). his is mostly not done since adequate data 
are lacking. 


On the other hand, the construction of even sediment yield probability distributions by 
identifying individual sediment layers in cores will probably not be realistic. The mean sediment 
thickness of these events is often that low (e.g. only + 2 cm in the ponds studied by Laronne, 
1990, with many much smaller) that errors in $V will be relatively large. Furthermore, each 
event will be characterised by varying values of TE, certainly for small ponds where the storage 
capacity compared to runoff volumes is much lower than it is for large reservoirs. Given the high 
difficulty involved in estimating annual TE, it will be even more difficult in relating each 
sedimentary event to a particular value of TE. 


IX - 52 


W 














Proceedings of the Seventh Federal Interagency Sed.mentation Conference, March 25 to 29, 2001, Reno, Nevada 


It should be stressed that, whatever the methodology used, each value of sediment yield that is 
computed should be associated with an error. This is mostly lacking in soil erosion and sediment 
yield studies. 
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CHARACTERIZING THE SEDIMENT IMPOUNDED BY USDA-NRCS FLOOD CONTROL DAMS, 
OKLAHOMA 


Sean J. Bennett, Research Geologist, USDA-ARS, Oxford, MS; Charles M. Cooper, Supervisory Research 
Ecologist, USDA-ARS, Oxford, MS; Jerry C. Ritchie, Soil Scientist, Beltsville, MD; Larry W. Caldwell, 
National Policy Coordinator for Aging Watershed Infrastructure, USDA-NRCS, Stillwater, OK 


INTRODUCTION 


Since 1948, the USDA-Natural Resources Conservation Service (NRCS) has constructed over 10,450 flood control 
dams in 47 states under the Flood Control Act of 1944 (PL-534), the Pilot Watershed Program (1953-54), the 
Watershed Protection and Flood Prevention Act of 1954 (PL-566), and the Resource Conservation and Development 
Program (Caldwell, 1999). The primary purposes for these structures were to prevent flooding and to protect 
watersheds. Other dams were built or have evolved into structures for water management, municipal and industrial 
water supply, recreation, and the improvement of fish and wildlife, water quality, and water conservation. More 
than $14 billion (1997 dollars) of federal and local funds have been invested in these projects. They provide nearly 
$1 billion in benefits annually. 


Flood control dams typically consist of an earthen embankment 6 to 20-m high with a principal spillway made of 
concrete pipe 0.3 to 1.8-m wide (Caldwell, 1999). Because the dams were built on small streams in the unper 
reaches of watersheds, upstream drainage areas range from 1.6 to 16 km’. The majority of these dams were planned 
and designed for a 50-year service life. The inlet pipe of the principal spillway is placed at an elevation that would 
provide water retention for the design storm and storage for sediment accumulation. Each reservoir also has an 
emergency or auxiliary spillway for safe conveyance of v .ier around the embankment when runoff rates exceed 


storage capacity. 


At present, more than half of the dams constructed are older than 34 years and more than 1,800 will reach their 50- 
year design life within the next 10 years (Caldwell, 2000). A rapid survey conducted in April 1999 revealed more 
than 2,200 dams in need of immediate rehabilitation at an estimated cost of more than $540 million. The primary 
issues of dam rehabilitation are: replacement of deteriorating components, change in hazard classification, reservoir 
sedimentation, failure to meet dam safety regulations, failure to meet resource needs of the watershed, inadequa 
land and water rights, inadequate community benefits, and the potential transfer of responsibility. Common 
approaches to address rehabilitation typically involve dredging the reservoir to remove accumulated sediment, 
raising the dam to increase storage capacity, and removing or decommissioning the dam. 


Rehabilitation of aging watershed flood control dams is critical to Oklahoma. Since 1948 more than 2,100 
watershed flood control dams have been constructed including 1,140 in the Washita River Basin, which was one of 
the original eleven watershed projects authorized by PL-534. Many of these dams are in critical need of 
rehabilitation (Caldwell, 2000). 


Before any rehabilitation strategy can be designed or implemented, the sediment impounded by these dams must be 
assessed in terms of the structure's efficiency in regulating floodwaters, the potential hazard the sediment may pose 
if reintroduced into the environment, and the future projection of sediment delivery to the reservoirs in light of 
changing land-use, hydrology, and rates of erosion. To this end, a demonstration project was designed to evaluate 
technologies, methodologies, and protocols for the cost-effective characterization of impounded sediment. This 
project had four primary objectives. 

1. Define a chronology of land-use and hydrology within the particular watershed. This would identify the 
potential agrochemicals or other contaminants within the sediment and provide information on rates and 
patterns of deposition. 

2. Use high-resolution geophysical techniques to map the subsurface sediment stratigraphy. Such equipment 
is capable of detecting non-intrusively decimeter-scale reflectors (seismic horizons) several meters below 
the bottom of the lake. 

3. Use vibracoring equipment to obtain continuous, undisturbed sediment cores through the entire post- 
construction deposit. Once extracted and opened, each core would be logged and sediment samples 
secured. 
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4. Use analytical and sedimentological techniques to determine th<= quality, mineralogy, and physical 
characteristics of the sediment including heavy metal and agrochemical concentrations and the amounts of 
radioactive isotopes for dating purposes. 


Two USDA-NRCS flood control dams were chosen for examination. Sugar Creek #12 is located near Hinton, OK 
and dam construction was completed in 1964. The structure has an upstream drainage area of 817 ha (2,016 acres). 
Historic land-use includes cultivated fields of cotton and peanuts and drilling operations for oil and gas production. 
Sergeant Major #4 is located in Cheyenne, OK and dam construction was completed in 1955. This structure has an 
upstream drainage area of 1,513 ha (3,735 acres). Historic land-use is primarily rangeland with several oil and gas 
drilling sites located within its drainage area. Sergeant Major #4 has become the sole municipal water supply for the 
town of Cheyenne (population 1000). 


For each lake, chronologies of land-use and hydrology are being constructed, the seismic data were collected and are 
being processed, undisturbed cores of the deposited sediment have been secured, and the chemical composition of 
the sediment is being determined. Preliminary results from the seismic surveys and the chemical (heavy metal and 
agrochemical) composition of select sediment samples were discussed in Bennett and Cooper (2000). Here, we 
present results of the vibracoring activities at cach of the reservoirs and discuss the stratigraphic and 
sedimentological characteristics of these cores with special reference to designing and implementing dam 
rehabilitation strategies. 


VIBE.ACORING EQUIPMENT AND PROCEDURE 


Vibracoring is a common approach for obtaining undisturbed cores of unconsolidated sediment in saturated or 
nearly saturated conditions (Lanesky et al., 1979; Smith, 1984). Vibracoring works on the principle of transferring a 
high-frequency vibration to a thin-walled core pipe held im a vertical position on the sediment bed. The vibrating 
pipe causes the liquefaction or fluidization of sediment only at the core-sediment interface, thereby allowing the pipe 
to penetrate the sediment with little resistance and without disrupting sediment stratification 


A commercially available vibracoring systern is used in this study. This system uses a 1-HP motor that drives a pair 
of weights (masses) eccentrically mounted on two shafts and housed within a water-tight aluminum chamber. When 
in operation, the masses rotate in opposite directions causing the chamber to vibrate at frequencies ranging from 
6000 to 8000 RPM depending upon the sediment substrate. The chamber (driver) is connected to the top of an 
aluminum irrigation pipe 1.5-mm thick, 76-mm wide, and over 3-m long and cabled to a 4.2-m high aluminum 
tripod fitted with a battery-operated winch. Since the driver is sealed, the entire system can be immersed into water. 
A simple check valve placed into the flange connecting the core pipe to the driver induces internal suction during 
core extraction. The tripod is mounted to a raft that can be easily carried and constructed on-site, towed with a smal! 


Once the cere has been driven into the sediment, the vibrating motion is stopped and the winch lifts the core to the 
water surface. When successful, the core typically has a hard sediment bottom that acts as a seal. If excessive sand 
or gravel is present at the bottom of the core, the entire contents of the pipe are lost during lifting. The position of 
the raft is recorded with a hand-held GPS receiver whose data are differentially corrected using available base 
station information. The core is transferred to the boat and transported to shore. Each core is opened on-site by 
cutting the aluminum pipe length-wise on both sides with a circular saw, and the top half of the pipe is carefully 
lifted from the sediment. The core is photographed and logged and sediment samples secured for laboratory 
analysis. 


RESULTS AND DISCUSSION 


Continuous, undisturbed cores were obtained at Sugar Creek #12 (10 in total) and Sergeant Major #4 (4 in total) and 
their positions are shown in Figure 1. These cores ranged in length from 1.3 to 3.1 m and were extracted from waier 
depths ranging from about 2 m at Sugar Creek #12 and up to 12 m im Sergeant Major #4. Select examples are 
shown in Figures 2 and 3. The positions for these cores were chosen to coincide precisely with the seismic profiles 
collected previously (Bennett and Cooper, 2000). Equipment failure prohibited the collection of additional cores at 


Sergeant Major #4. 
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Figure 1: Base maps of Sugar Creek #12 (on left) and Sergeant Major #4 (on right) constructed using a hand- 
held GPS receiver with differential corrections applied. Shown are the outline of the lake (taken in October 
1999), the centerline of the earthen embankment, the primary spillway (drain), other pertinent benchmarks, 
the location of all sediment cores (numbered), and the main tributaries entering the reservoir (arrows). For 
Sugar Creek #12, the dashed lines show the positions of the stratigraphic cross-sections depicted in Figures 4 
and 5. All positions are in UTM coordinates. 


Radioactive Cesium and Determination of Rates of Sedimentation: Sclect cores were analyzed for 
radioactive Cesium (Cs; 30-year half-life) for the purpose of dating sediment horizons. Sine "Cs is produced 
during nuclear fission, its presence in the environment is due to nuclear testing or releases from nuclear reactors 
(Ritchie and McHenry, 1990). First global deposition of '’ Cs occurred in 1954 and maximum deposition occurred 
in 1964 in the Northern Hemisphere, related to above ground nuclear testing, and in 1980 (Europe) due to the 
Chernobyl nuclear accident. Since '’’Cs is strongly adsorbed on clay and organic particles and is essentially non- 

. its concentration can be used as a unique tracer for erosion and sedimentation. Rates of sediment 
accumulation can be calculated by knowing the depth of these different '’’Cs honzons. 


The following cores were chosen for '’'Cs analysis: 4, 7, and 9 from Sugar Creek #12, and | and 4 from Sergeant 
Major #4. Scdiment samples were obtained inclusively at increrments of 0.15 m at Sugar Creek #12 and 0.1 m at 
Sergeant Major #4 and encompassed the entire core length. All saraples were dried in a greenhouse, crushed, and 
passed through a 2-mm sieve. A 1-L beaker was filled with sediment, sealed, and a gamma ray spectrometer was 
used to measure "Cs emissions for a period of 30,000 sec: ads, providing measurement precision of +4 to 6% 
(Ritchie and Rasmussen, 2000). 


The concentration of '’’Cs (becquerels per gram; Bq/g) as a function of core depth is shown in Figure 2 for Sugar 
Creek #12 and Figure 3 for Sergeant Major #4. For Suger Creek #12, a peak in the '’Cs emissions occurs at a 
subsurface depth of 1.98 m (lower bound of histogram bar) for Core 4 and 1.83 m for Core 7. This peak coincides 
with the 1964 peak in '’’Cs fallout. A similar peak was observed at 1.07 m for Core 9 (not shown here). Using this 
1964 datum, sedimentation rates from 1964 to the present are 55.0, 50.8, and 29.6 mm/yr or 0.067, 0.062, and 0.036 
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Figure 2: Stratigraphic logs and distributions of "Cs for Cores 4 and 7 obtained at Sugar Creek #12. For the 
stratigraphic grain size and lithologic descriptions are based on observational criteria. The peaks in the 
distributions of '’’Cs coincide with the 1964 datum, and some samples near the top and bottom of each core 
had zero emissions. 


manvha-yr (using drainage basin area) based on Core 4, 7, and 9, respectively. The sand deposited below these 
stratigraphic levels (Figure 2) is interpreted as parent (pre-construction) material. 


Similar peaks in the distribution of '’’Cs and the demarcation of the 1964 datum are observed in the cores taken at 
Sergeant Major #4 (Figure 3): at 0.91 m for both Core | and 4. From 1964 to the present, a sedimentation rate of 
25.4 mm/yr or 0.017 mmvha-yr is deduced from these cores. Since the dam was constructed in 1955, the sand and 
gravel located stratigraphically below the mud layers (Figure 3) are interpreted as parent (pre-construction) material 
Therefore during the period from 1955 to 1964, sedimentation rates are 28.2 and 18.3 mm/yr or 0.019 and 0.012 
mimv/ha-yr based on Core | and 4, respectively. This proposal is substantiated by the presence *° alternating layers 
(laminae) of black and brown mud interpreted as varves, which represent seasonal variations in water stratification 
due to temperature and its effect on silt and clay deposition (Leeder, 1982) 


In a number of samples near both the top and bottom of the cores, no '’’Cs was detected (Figures 2 and 3). This lack 
of '’’Cs emission 1s attributed to the presence of sediment that has not been exposed to the atmosphere since 1954 
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Figure 3: Stratigraphic logs and distributions of "Cs for Cores 1 and 4 obtained at Sergeant Major #4. For 
the stratigraphic logs. grain size and lithologic descriptions are based on observational criteria. The peaks in 
the distributions of '’’Cs coincide with the 1964 datum, and some samples near the top and bottom of each 
core had zero emissions. 


Physical and Stratigraphic Characteristics of Sediment Impounded at Sugar Creek #12: The physical and 
stratigraphic characteristics of the sediment deposited at Sugar Creek #12 were assessed using several methods. 
From each core, 2 to 5 sediment samples were processed for grain size, color, and magnetic susceptibility. For each 
sample, approximately 10 g of sediment was dispersed overnight (using sodium hexametaphosphate). Total percent 
clay (<0.002 mm) by mass was determined by siphoning off 5-mL of the dispersed sediment and using the pipette 
method (Method 3A1, Soil Survey Staff, 1992). Total percent sand by mass was determined by wet sieving the 
remaining sample through a 0.053-mm sieve and weighing the dried sediment retained. Total percent silt by mass 
was calculated by subtracting the masses of sand ard clay from the original sample mass. Quantitative color was 
determined using a chroma meter that employs a self-contained pulsed xenon arc lamp as a light source (see Lindo 
et al, 1998). Saturated sediment colors using the Munsell system of hue, value, and chroma are reported here 
(Munsell Color Company, 1994). In addition, dned and crushed sediment samples were packed into 20-mlL glass 
vials and the magnetic susceptibility of the sample was measured using a specialized meter (values presented here 
are in SI units; 10° m’/kg; see Lindbo et al., 1997). The magnetic susceptibility of each glass vial was determined 


prior to use 
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Figure 4: A west to cast representation of the subsurface stratigraphy obtained at Sugar Creek #12 for Cores 
9, 1, 7, and 2, placed relative to the current lake bottom and distance across the reservoir (note vertical 
exaggeration). Lines show the current lake bottom and the 1964 datum. The location of the sediment 
samples examined are shown by the tick marks, and the numbers beside each tick give grain size (top line, 
given as % sand/silt/clay), magnetic susceptibility (middle line, given as 10° m'/kg), and color (on bottom and 
underlined, given as hue YR value/chroma where YR is yellow red). Refer to Figure 2 for legend. 


Stratigraphic columns for two traverses across Sugar Creek #12 are shown in Figures 4 and 5. Each core was placed 
with respect to the elevation of the current lake bottom and the distance across the reservow (note vertical 
exaggeration). Grain size (top line, given as % sand/silt/clay), magnetic susceptibility (middie line, given as 10° 
m’/kg), color (on bottom and underlined, given as hue YR value/chroma where YR is yellow red), and the results for 
the "Cs analysis were used to correlate lithostratigraphic units across the basin as well as establish time lines 
These methods were only partially successful due to the low number of sediment samples analyzed. 


West to East Traverse: This traverse starts in the northwest corner of the lake near one of the main tributaries and 
extends castward toward the deepest part of the reservoir near the embankment (Figures | and 4). The 1964 datum 
deduced by the '’’Cs results can be extended with certainty across the entire basin As this time line coincides with 
the construction of the dam, al! sand and gravel present at depths greater than about 1.5 m is considered pre- 
construction material. Near the tributary source (western side), there are scveral sand deposits younger im age than 
1964, some as thin as 30 mm. Yet none of these sand units extends into the deeper part of the basin 
Volumetncally, silt and clay in approximately equal proportions dominate the sediment deposit along this traverse 
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Figure 5: A north to south representation of the subsurface stratigraphy obtained at Sugar Creek #12 for 
Cores 2, 3, 4, and 8, placed relative to the current lake bottom and distance across the reservoir (note vertical 
exaggeration). Lines show the current lake bottom, the 1964 datum, and common lithologic units. The 
location of the sediment samples examined are shown by the tick marks, and the numbers beside each tick 
give grain size (top line, given as % sand/silt/clay), magnetic susceptibility (middie line, given as 10° m’/kg), 
and color (on bottom and underlined, given as hue YR value/chroma where YR is yellow red). Refer to 
Figure 2 for legend. 


North to South Traverse: This traverse starts near the northeast comer of the basin, runs essentially parallel to the 
embankment toward the tributary entering the southern end of the reservoir (Figures | and 5). The 1964 datum 
determined for Core 4 can be extended with certainty toward the north. Several sand layers were deposited after 
1964 near the tributary source, some as thin as 10 mm. One sand unit in Core 8 can be correlated to Core 4 (Figure 
5), and st most likely becomes the muddy sand unit in Core 3. Moreover, the thin-bedded sand units near the base of 
Core 8, demarcated by alternating red and brown colors, probably correlate with the sand lenses in Core 4 although 
the latter are separated by decimeter-scale layers of silt and clay. While there are some observable sand deposits, 
most of the sediment that has accumulated along the traverse 1s silt and clay in nearly equal proportions 


Discussion: The analysis of |’ Cs in the deposited sediment proved instrumental in identifying the 1964 datum and 
determining average sedimentation rates at Sugar Creek #12 after 1964 (55.0, $0.8, and 29.6 mm/yr or 0.067, 0.062, 
and 0.036 mm/ha-yr, see above) and for Sergeant Major #4 from 1955 to 1964 (28.2 and 18.3 mm/yr or 0.01% and 
0.012 mmv/ha-yr) and after 1964 (25.4 mm/yr or 0.017 mmv/ha-yr). The sediment deposited within these reservoirs is 
domunated by silt and clay The likely sources of these sediments are hillslopes, agricultural fields, gullies, and 
riverbanks that are actively eroding. While the removal of silt and clay from agricultural lands depletes soil 
productivity, these size fractions also are more likely transporting agrochemicals (see review in Leonard, 1990) 
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The deposition of sand is restricted in space to them tributary sources. The occurrence of sand lenses im the deeper 
parts of the reservow 1s most likely related to historncally large runoff events. 


SUMMARY 


A demonstration project was mnstiated to assess the sediment impounded by USDA-NRCS flood contro! dams at two 
locatons un Oklahoma for the purpose of dam rehabilitation or decommussioning This proyect currently 1s defining 


chemucal and physical characteristacs of the sediment. Preliminary results for the vibracoring activities are presented 
and discussed. 


At both Sugar Creck #12, Hinton, OK and Sergeant Major #4, Cheyenne, OK, vibracores of the entire sediment 
deposit were obtair 1 and cxamuned. Radioactive "Cs defined the 1964 fallout horizon in both reservoirs and 
permutted sedimertanon rates to be accurately determined. Stratigraphic analyses showed that at Sugar Creek #12 
(1) stratigraphic correlation of some lithologies and time lines across the basin were possible, (2) sili and clay 
dormnate the depositional history of the reservoir, and (3) deposition of sand was limited to areas near its tributary 
source. This stratigraphic information will be combined with on going activities to completely address 
sedimentation issues within these aging flood contro] dams 


Acknowledgments 


We thank USDA-NRCS personnel G. Miller, OK, B. Elder, Hinton, OK, and J. Swartwood, Cheyenne, OK for 
logistical assistance and support. S. Testa, T. Welch, R. Wells, and D. Wren, Oxford, MS, assisted greatly in the 
field operations. V. Campbell and D. McChesney conducted the grain size, color, and magnetic susceptibility 
analyses 


References 


Bennett S.J, and Cooper, C_M., 2000, Assessing sedimentation issues within aging flood control dams, Oklahoma. 
USDA-ARS National Sedimentation Research Report No. 15, 57pp. 

Caldwell, L.W., 1999, Rehabilitating our nation’s aging small watershed projects. Presented at the Soil and Water 
Conservation Annual Conference, Aug. 8-11, Biloxi, MS. 

Caldwell, L.W., 2000, Good for another 100 years: The rehabilitation of Sergeant Major Creck Watershed 
Presented at the Association of State Dam Safcty Officials, September 28-30, 2000, Providence, RI 

Lanesky, D.E., Logan, B.W., Brown, R.G., and Hine, A.C, 1979 A new approach to portable vibracoring 
underwater aad on land. Journal of Sedimentary Petrology, 49, 654-657. 

Leeder, M.R., 1982, Sedimentology: Process and Product. Allen and Unwin, London, 344pp. 

Leonard, R.A., 1990, Movement of pesticides into surface waters. In Cheng, H.H., ed., Pesticides in the Soil 
Environment: Processes, Impacts, and Modeling, pp. 303-349, Soil Science Society of America Book Series: 2, 
Madison, WI 

Landbo, D.L., Rabenhorst, M.C., and Rhoton, F.E., 1998, Soil color, organic carbon, and hydromorphology 
relationships in sandy epipedons. In Rabenhorst, M.C., Bell, J.C, and McDaniel, P.A.. eds., Quantifying Soil 
Hydromorphology, Soil Science Society of America Special Publication No. 54, p. 95-105, Madison, WI. 

Lindbo, D.L., Rhoton, F.E., Hudnall, W.H., Smeck, N.E., and Bingham, J.M., 1997, Loess stratigraphy and fragipan 
occurrence in the lower Mississippi River valley. Soil Scsence Society of Arrerica Journal, 61, 195-210 

Munsell Color Company, 1994, Munsell color charts, 1994 ed., Balumore, MD. 

Ritchie, 1.C., and McHenry, 1.R., 1990, Application of radioactive fallout Cestum-137 for measuring soil erosion 
and sediment accumulation rates and patterns: A review. Journal of Environmental Quality, 19, 215-233 
Ritchie, J.C and Rasmussen, P_E., 2000, Application of Cesium-137 to estimate erosion rates for understanding soi! 
carbon loss on long-term experiments at Pendleton, Oregon Land Rehabilitation and Development 11, 75-8! 
Smith, D.G., 1984, Vibracoring fluvial and deltaic sediments: Tips on improving penetration and recovery. Journal 

of Sedimentary Petrology, 54, 660-663 
Soil Survey Staff, 1992, Procedures for collecting soil samples and methods of analysis for soil survey. USDA-SCS 


Soil Survey Investigation Report 42, U.S. Government Printing Office, Washington, D.C 


re 20 








Proceedings of the Seventh Federal Interagency Sedimenianon Conference, March 25 to 2° 200) RR. 0. Nevada 


DEER CREEK- SAFE PROJECT OR FLOOD HAZARD? 


Joseph B. Evelyn, Chief, Hydrology and Hydraulics Branch, 
Los Angeles District Corps of Engineers 


ABSTRACT 


Debris basins in combination with concrete-lined downstream channels have been 
used extensively in Southern California to control flooding on alluvial fans undergoing 
urbanization. Most of these projects have been designed using a deterministic (design 
flood) approach for sizing both the debris basin storage capacity and downstream channel 
hydraulic conveyance capacity. Recently the Corps of Engineers addressed the issue of 
the level of protection afforded by a completed project, Deer Creek Debris Basin and 
Channel, from a probabilistic standpoint. 


The Deer Creek watershed is comprised of two distinct areas. The headwaters 
portion of Deer Creek is a 3.7 square mile watershed in the San Gabriel Mountains east 
of Los Angeles that 1s very steep and has the potential to produce high sediment loads. 
The lower portion of Deer Creek flows through an alluvial fan now occupied by the City 
of Rancho Cucamonga in San Bernardino County, California. Although the Corps’ Deer 
Creek Debris Basin and Channel has safely controlled all flood events on Deer Creek 
since completion of the project in 1984, some local residents expressed concerns with the 
adequacy of the project to control severe flood and debris events. An evaluation of the 
level of protection provided by the Deer Creek Project was performed that considered 
probabilistic estimates of debris yield, active channel capacity upstream of the debris 
basin, debris deposition pattern within the debris basin, performance of the debris basin 
for events exceeding its design capacity, coincident frequency of debris yield and flood 
events, operation and maintenance practices of the project owner, sediment transport and 
hydraulic conveyance in the downstream channel, and application of Federal Emergency 
Management Agency regulations for defining the level of flood protection on alluvial 
fans. 


IX - 63 4 7/ 




















Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


DAM DECOMMISSICNING: DECISIONS AND UNRESOLVED SEDIMENT 
TRANSPORT ISSUES 


Rollin H. Hotchkiss and Michael E. Barber, Associate Professors, Albrook Hydraulics 
Laboratory, Washington State University, Pullman, WA. Email rhh@wsu.edu and 
meb@wsu.edu, respectively. Phone (509) 335-2576; FAX (509) 335-7632; Internet 
http://www.wsu.edu/~albrook/ 
Ellen E. Wohl, Associate Professor, Colorado Statue University, Ft. Collins, CO. Email 
ellenw@cnr.colostate.edu. Phone (970) 491-5298; FAX (970)491-6307 


Abstract More than 300 dams have been removed in the United States, and the pace of dam 
decommissioning is likely to increase. Almost 1,000 dams will require Federal Energy 
Regulatory Agency (FERC) relicensing in the first half of this century. Many thousands more 
dams, not subject to FERC licensing, are also aging. Dams are decommissioned because (1) 
benefits no longer exceed operation costs, or (2) the expense to rehabilitate the structure is 
prohibitive, or (3) reservoir sedimentation decreases project benefits significantly, or (4) adverse 
impacts on fish passage require mitigation. There are at ieast two major issues when facing a 
dam decommissioning decision: how exactly to proceed, and how to predict the upstream and 
downstream impacts of sediment release on the stream channel system. How to proceed is 
explained using a systematic method for evaluating alternatives when considering dam 
decommissioning for fish passage mitigation. The method presented for evaluation examines (1) 
no action; (2) upgrading facilities; (3) partial dam removal; and (4) full dam removal. How 
sediment releases impact upstream and downstream channels is explained by citing additional 
case studies. It is shown that unanticipated impacts can occur following sediment releases that 
degrade fish habitat and navigation, and that impacts on long-term geomorphology are yet poorly 
understood. A case is made for additional and accelerated research before additional 
unnecessary mistakes are made. 





INTRODUCTION 


Over the past 100 years the US has led the world in dam building. The US Army Corps of 
Engineers has catalogued approximately 75,000 dams greater than 1.5 m high along the 
waterways of the US (Graf, 1999). The average life expectancy of a dam is 50 years. 
Approximately one-quarter of all US dams are now more than 50 years old, and this figure will 
reach 85% by the year 2020 (American Rivers, 1999). As these aging dams come up for re- 
licensing or rehabilitation, people are questioning the need for many of the dams. A dam may 
have outlived its intended purpose and no longer have any official use, or the environmental 
impacts of the dam may outweigh its benefits (Baxter, 1977; Brooker, 1981; Goldsmith and 
Hildyard, 1984; Stanford and Hauer, 1992; Ligon et al., 1995; Collier et al., 1996). For example, 
aging dams, especially smaller projects, are producing fewer benefits due to reservoir 
sedimentation upstream and inefficient turbines, gates, and ancillary facilities. Sedimentation 
and age also contribuie toe an increase in flood risk due io dam overtopping and potential dam 
failure. The cost to rehabilitate many smaller dams may be prohibitive. Coupled wiih these 
problems are growing efforts to reverse adverse impacts of dams such as constituting barriers to 
fish migration, upstream aggradation and downstream scour, changes in upstream and 
Gdownstream geomorphology and npanan habitat, aad water quality degradation. 
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At least 121 dams have been removed in the US since 1930, and the rate of dam removal has 
accelerated during the 1980s and 1990s (American Rivers, 1999). These dam removals have 
been conducted in ignorance of potential negative impacts from the release of associated 
sediment stored in reservoirs. As progressively larger dams are removed in the future, the 
potential for sediment-related hazards grows concomitanily. Yet in almost every potential dam 
removal situation, there will be some lost benefits which local government agencies and citizens 
will not want to sacrifice. As a resuil, it is imperative to examine a broad range of options to 
help justify the final decision. These options range from no action to full dam removal. Each 
option has its own associated cost and benefits thai can not (and should not) be determined 
without careful investigation. The impacts of each alternative may extend f:: downstream of the 
original project and may dictate the final solution. For example, a common concen involves the 
transport and fate of sediments that may have been trapped in the reservoir for decades. 
Downstream deposition of previousiy trapped sediments may create flooding, navigational, or 
environmental concerns. The rate of sediment scour, the sloughing of incised channels made by 
reservoir drawdown, and possibly even the type of embankment material all coniribute io the list 
of factors that must be examined. 


The impacts of sediment release following darn decommissioning are poorly understood. The 
few documented case studies available describe some of the possible hazards: downstream fish 
kills and in-filling of nffle-pool habitat; unanticipated release of PCB-contaminated sediments, 
and blockage of upstream navigational channels. Other potential impacts include a degradation 
of aquatic and riparian habitai, increased deposition and/or scour at bridge crossings, 
destabilization of streambanks and streambeds, and decreased water quality. 


The purpose of this paper is to discuss (1) a sysiematic method of evaluating options when 
dealing with decommissioning and fish migration mitigation, and (2) the need to better 
understand the upstream and downstream processes of sediment transport and geomorphology 
following dam removal. 





SYSTEMATIC PROCEDURE FOR EVALUATING DAM DECOMMISSIONING 
OPTIONS 


A total of 952 dams are due to be relicensed in the first half of this century (FERC, 2000). This 
number does not include the thousands not covered under FERC relicensing authority. For 
example, in the Pacific Northwest alone, there are 3,348 dams, more than half of which are less 
than 12m high. Of these structures, 74% are more than 30 years old and 37% are more than 50) 
years old (Perkins, 2000). And this is not a problem confined tv the Pacific Northwest. As 
iliustrated in Table 1, approximately 41% of all dams located in the US are 40 years old or older. 
The decommissioning of a dam is generally based strictly on economic criteria and occurs 
primarily when the purpose for which the dam was constructed is no longer being met, or is no 
longer considered important. In other words, the liability associated with the physical structure 
is no longer supported by project benefits. The economics for decommissioning may also be 
based on changes in environmental considerations that have occurred such as the restoration of 
fish habitat or fish migration routes. In the latter case, the primary intent of dam removal may be 
negated for a period of decades if the manner in which the reservoir is drained resulis in 
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substantial downstream channel change because of excess sediment release. If sedimentation is a 
factor in the evaluation, case studies indicate that the entire retirement process is subject to the 
sediment management plan (Task Committee, 1997). 


Table 1 — Number of Dams Built in Each Decade in the United States (USACE, 1998) 














Pre- | 1800 | 1900- | 1950- | 1960- | 1970- | 1980! 1990- | Total 
1800 | -99 49 59 69 79 -89 | present 
Number 23. | 2,459; 13,978 | 11,366 | 19,264 | 13,035 | 5,006| 2,373 67,504 
Percent of | 0 4 21 17 29 19 7 4 100 
Total 
Cumulative 0 4 24 4] 70 89 96 100 - 
Percent 






































The decision to remove an existing dam involves a complex interaction between various 
environmental and societal factors. The rational and thorough consideration of each of these 
factors and their interrelationships can involve an extremely complex and costly scientific and 
engineering analysis for a single proposed removal project. Initial project planning of a possible 
dam removal candidate should begin similar to that of any typical watershed assessment. Any 
pertinent information about the water resources of the watershed should be obtained. Lists of 
intended and current beneficial reservoir uses should be compiled. All known water quality and 
quantity problems in the area must also be considered. After examining the current beneficial 
uses, all potential stakeholders should be identified and contacted. State environmental, fish and 
wildlife, and historical preservation agencies should also be involved in the process as soon as 
feasible. 


Each of these tasks will greatly facilitate the making of the final decision. Information 
concerning local hydrology may influence project scheduling or may help support decisions 
conceming the long-term liability with respect to dam breaching. Determining the beneficial 
users will help identify the stakeholders. It would be a mistake to consider a stakeholder only 
someone that has direct interest in the water. Many local residents may consider the reservoir as 
an aesthetic pleasing addition to the landscape. Reservoirs, particularly those on public lands, 
may have uses that were initially unanticipated that local residents will quickly point out. 
Identifying upstream watershed activities may give an indication of the sediment quality trapped 
within the reservoir that can significantly alter the cosi of decommissioning. 


From the initial meeting with stakeholders and agencies, a long list of possible alternatives is 
likely to emerge. Suggestions will likely range from no-action to full dam removal. To build 
consensus for the decision, it is best not to summarily dismiss any reasonable recommendation. 
Instead, the next phase of the project evaluation will be to determine the benefits, disadvantages, 
and obstacles of each alternative. Often, several ideas can be combined into a single project. 
The process involves conducting preliminary cost estimates for each alternative. During this 
phase, costs can be limited to the real expenditures necessary for upgrading the existing facilities 
or removing the dam. It is important to include the future cost of dam removal and the liability 
in the no action alternative since no structure will last forever. The result is a short-list of 
potential alternatives that can be brought back to the regulators and stakeholders for additional 
discussion. 
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The next phase is to examine the benefit/cost ratio for each final alternative. At this point, 
refined cost estimates will be necessary and should be expanded to include any indirect costs. 
Benefits are much more difficult to quantify. For example, full dam removal eliminates future 
liability concerns but what is the exact dollar figure that should be assigned to that benefit. Non- 
cash benefits are even more difficult to value. If the reason for decommissioning is being driven 
by restoration of anadromous fish runs that has been listed as an endangered species, determining 
the value of a single fish is a widely debated topic. Furthermore, determining the number of fish 
likely to return in the future is an exercise in best reasonable judgment at best. Recent attempts 
to develop methodologies to overcome these obstacles are still in their infancy. Anderson and 
Barber (2000) proposed a framework for prioritizing small dam removal, however the process 
relies on relative magnitudes rather than specifically trying to determine economic value. 
Consequently, evaluation of a single project with their methodology is not currently possible. 
Nevertheless, in cooperation with the stakeholders, some reasonable estimate will likely need to 
be determined. 


One technical issue that can dramatically effect project costs is the behavior and treatment of 
sediments stored within the reservoir. The remainder of this paper focuses on the issues that 
engineers and scientists must address in determining the best restoration and/or removal strategy. 


SEDIMENT TRANSPORT AND GEOMORPHOLOGY ISSUES 


The release of reservoir sediment following dam decommissioning may potentially create severe 
hazards along affected river channels upstream and downstream from the dam. A rapid 
downstream flux of sediment may: degrade aquatic and riparian habitat; impair channel-based 
recreation such as fishing or rafting; reduce bank stability and put structures such as bridges or 
irrigation intakes at risk; cause channel-bed aggradation and enhance overbank flooding; reduce 
water quality by increasing turbidity, and by decreasing dissolved oxygen as a result of buried 
organic matter being exposed to decay; and result in the downstream deposition and transport of 
contaminants adsorbed onto fine sediment particles (Allen et al., 1989; Knighton, 1989; 
Richardson, 1991; Kattelmann, 1996). Upstream impacts are similar but are generally inverted 
to downstream impacts (Hotchkiss, 1999). Removal of the reservoir pool generally permits 
increased water velocities that may cause excessive bank scour. In addition, streambanks can 
cave and collapse following channel incision, mudslides may occur, and unanticipated releases 
of contaminated sediments may follow dam removal (Brandt, 1999; Maclin and Sicchio, 1999). 





Only a few studies to date have been designed to address the sedimentation issues associated 
with dam decommissioning (e.g., Williams, 1977; Simons and Simons, 1991; Randle and Lyons, 
1995). Flume experiments have largely focused on the impacts of sediment overloading to a 
downstream rectangular channel with uniform sediments (Park and Jain, 1986; Schumm et al., 
1987), a scenario which does not adequately represent the channel geometries and grain-size 
distributions likely to be involved in dam removal. Field studies of actual channels impacted by 
reservoir-sediment releases have described channel response to a given set of parameters 
(discharge, channel morphology, sediment-release scenario; e.g. Wohl and Cenderelli, 2000), 
without the ability to manipulate those parameters and observe the corresponding channel 
responses. As a result, design of best-case dam removal scenarios using existing information has 
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to be largely indirect in that it is based on inferences rather than demonstrated relations among 
channel geometry and water and sediment discharge regimes. 


Partial or complete dam removal initiates a channel re-forming process up:treem. The channel 
planform and dimensions will depend upon the reservoir depositional history. For example, with 
well-mixed sediments in the incoming stream to a reservoir, coarse sediments will deposit 
farthest upstream with a progressive fining in the downstream direction. As the reservoir ages, 
the finer materials will be buried by the downstream-progressing, coarse-grained delta. 
Depending upon the state of the deposits at the time of dam removal, the upstream deposits may 
or may not be stratified vertically and longitudinally. Current regime theory (Julien, 1995; 
Brookes and Shields, 1996) and classification schemes (Rosgen, 1996) cannot predict channel 
evolution in such settings. 


The potential downstream channel responses to increased sediment load are as follows: 


1) Channel-bed aggradation. This may take the form of fining of the bed material (Montgomery 
et al., 1999), in-filling of pools (Lisle, 1982; Wohl and Cenderelli, 2000), an increase in 
braiding (Hilmes and Wohl, 1995), or an increase in average bed elevation (James, 1989; 
Made} and Ozaki, 1996). 


2) Change in alluvial planform. The most likely responses to an increase in sediment discharge 
would be a change from a meandering to a straight planform, or a change from the existing 
planform to a braided channel pattern (Hilmes and Wohl, 1995). 


3) Increased sediment transport rate. This has the potential to alter channel bed and bank 
stability, altering bedform configuration or the habitat for riparian vegetation communities, 
for example. 


The potential upstream channel responses due to partial or total dam removal include: 


1) Channel-bed incision. A channel will form within the sediment deposits upstream that will 
incise at a rate contro!led by the water release and sediment characteristics. Clay layers even 
a few years old can retard incision and erosion; once breached, erosion can proceed very 
quickiy, producing hyperconcentrated flows (Brandt, 1999). 


2) Bank caving and channel widening. Self-formed channels within upstream deposits will 
widen in response to bank caving and incipient meandering. Meandering may be encouraged 
if incision reaches the original armored thalweg. Limited experience demonstrates that the 
formed channel will eventually replicate its original shape. Preliminary channel width 
predictions are proportional to the square root of discharge (Atkinson, 1996). 


3) Unstable and erratic rates of erosion. Erosion rates can change dramatically as the evolving 
channel encounters changes in the grain size and cohesive characteristics of the bed material. 


ugh 1-D models such as HEC-6 (Hydrologic Engineering Center, 1993) or quasi-2-D 

is such as GSTARS (Yang et al., 1998) may adequately simulate the response of simple 
aight) alluvial channels to sediment release scenarios, these models do not adequately 
approximate conditions along complex (meandering, braided ) alluvial channels or along bedrock 
channels where finer reservoir sediment may be moving across a coarse, largely stable channel 
substrate (Wohi and Cenderelli, 2000; Rathburn and Wohl, in review). In addition, application 
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of these models is labor-intensive, and may not be practical if the objective is to provide general 
guidelines for removing a smaller dam. 


Current formulations of the equations of motion may not capture the processes likely found in 
the process of sediment transport following dam removal. For example, Klumpp and Greimann 
(2000) explain that the Exner equation assumes that the amount of sediment in suspension does 
not change significantly over time when compared to the change in bed elevation - an 
assumption likely violated under high transport rates of fine materials. They also point out the 
weaknesses inherent in all formulations that split sediment load into bed material load and 
suspended load. Their recent efforts to overcome these limitations are promising (Greimann and 
Klumpp, 2000). 


Unanticipated results may occur when draining a reservoir or removing a dam. For example, 
Wohl and Cenderelli (2000) describe that 7,000 m’° of sediment were released from Halligan 
Reservoir along the North Fork Poudre River in northern Colorado that decimated a self- 
sustaining trout run (more than 4,000 fish were killed) and filled in pools for more than 10 km 
downstream. Similar unanticipated problems occurred upstream from the Hudson Dam in New 
York following dam removal. An inadequate understanding of the erosional! characteristics of 
the sediment deposits led to much higher transport rates than predicted, resulting in channel 
blockage and the transport of PCB-contaminated sediments far downstream (Shuman, 1995). 
These types of scenarios can be avoided if dam removal is undertaken so as to provide water and 
sediment discharge regimes appropriate to flushing sediment through the downstream channel. 


CONCLUSIONS AND RECOMMENDATIONS 


Thousands of dams have been built with only a partial understanding of the long-term spatial and 
temporal impacts on the surroundings. Experience to date suggests the same trend is occurring 
when removing dams - exemplified by, at times, unanticipated and adverse consequences. 


Because dam removal will only accelerate in the coming decades, it is recommended that 


1. A national informational database be created where studies on dam removal may be 
archived; 

2. The considerations in this paper and those of the ASCE Task Committee on Guidelines 
for Retirement of Dams and Hydroelectric Facilities (1997) be carefully taken into 
account; 

3. Federal agencies such as the Environmental Protection Agency, the U.S. Forest Service, 
and the National Science Foundation jointly sponsor research programs focusing on 
unanswered questions regarding sediment transport issues associated with dam removal. 
Such issues include 


a. how numerical simulation models can better capture the complex transport 
processes associated with potential sediment overloading of downstream 
systems; 

b. defining the connections between the mechanical processes of sediment 


transport and the health of downstream ecosystems; 
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c. evaluating effective means for stabilizing sediment deposits in place 
upstream; and 
d. how erosion of deposited materials depends upon the depositional history. 
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DAM REMOVAL AND RESERVOIR EROSION MODELING: 
ZION RESERVOIR, LITTLE COLORADO RIVER, AZ 


By D. J. Semmens, Doctorate Student, Department of Watershed Resources, University of 
Arizona; and W. R. Osterkamp, Hydrologist, U. S. Geological Survey, Tucson, Arizona 


Abstract: Zion Dam, on the Little Colorado River near St. Johns, Arizona, is a partially 
breached earthen dam that soon may fail. Abundant stored sediment provides an opportunity to 
repair downstream channel incision and bottomland degradation, results of intense grazing, 
regional and local ground-water extractions, and decades of water and sediment depletion caused 
by Zion Dam and up-basin storage facilities and diversions. Efforts to quantify the volume of 
stored sediment, the potential for its entrainment, and its re-distribution downstream depend on a 
channel-evolution model that will be augmented with bank-stability and channel initiation 
algorithms to help estimate sediment release from storage. Output from this composite model 
will provide input for the HEC-6 model to predict downstream sites and magnitudes of 
deposition. The modeling efforts are designed to anticipate the ability to flush sediment from a 
reservoir by artificial and natural flows that promote bank failure and thereby increase the 
volume of sediment deposited downstream. 








INTRODUCTION 


Project Background: Zion Dam, an earthen dam 150 m (500 ft) long and 7.6 m (25 ft) 
maximum height, was constructed on the Little Colorado River (LCR) near St. Johns, AZ in 
1905 to store water for irrigation downstream in Hunt Valley (fig. 1). It washed out that year 
when Salado Dam, 19 km (12 mi) upstream, failed. The dam was rebuilt by 1908, and failed 
again in 1915 when Lyman Dam, 32 km (20 mi) upstream, failed. In 1918, reconstruction of 
Zion Dam was completed producing a reservoir of area 2.5 km’ (~1 mi’). Irrigated farming in 
Hunt Valley peaked from 1918 to 1922, after which time sedimentation in the reservoir had 
reduced the initial storage capacity of 7.4 x 10° m’ (6,000 ac-ft) to about 1.23 x 10° m’ (1,000 ac- 
ft) by 1925, and irrigation was necessarily ceased as a result (Bureau of Reclamation, 1955). 
Since then, however, Zion Reservoir has been used by local ranchers for watering livestock, and 
the dam was repaired again in the mid-1970s after being breached a third time. 





In 1997, Zion Dam was partially breached by a natural pipe that formed through its center. 
Piping is a particularly common geomorphic process in the area due to the high clay content of 
the floodplain soils, and the dam is constructed exclusively of this local material. After draining 
the reservoir and excavating a substantial portion of the center of Zion Dam, the pipe collapsed 
in upon itself and has temporarily re-sealed the dam. An unknown party, probably the private 
owner of the dam, has since excavated a formerly buried irrigation pipe that allows tl:e reservoir 
to drain slowly, which has helped prolong the life of the failing dam. 


Motivation for removing Zion Dam comes primarily from the Zuni Pueblo, which is interested in 
restoring the channel and native nparian vegetation on sacred lands downstream. Prior to 
European settlement and construction of the dam, the downstream reach was characterized by a 
broad, shallow channel, cottonwood-willow riparian forest, and perennial flow. Oral accounts of 
the valley in the early 1900s indicate the occurrence of numerous travertine springs that 
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augmented natural flows and sustained a rich grassy marsh in much of the valley. Travertine 
deposits remain conspicuous at numerous sites along and near the river. Land use and water 
development, however, have caused dramatic changes in this section of the LCR valley. 





2 Kilometers 














Figure 1. A simplified topographic map of the project area between Zion Reservoir and 
upper Hunt Valley, with numbered locations of cross-sectional measurements. 


Streamflow below Zion Dam is ephemeral, the channel is deeply incised, and bottomland 
vegetation is mostly salt cedar, sage, and saltbrush. Regional pumping has lowered the 
potentiometric surface of artesian aquifers and dried up springs, and Zion and Lyman Reservoirs 
capture nearly all natural flow. During the last 80 years, flows passing Zion Dam have been 
sediment starved and have caused channel incision of as much as 5.34 m (17.5 ft) and averaging 
about 3.9 m (12.7 ft) in the 10 km (6.25 mi) project reach. As the channel bed was lowered, the 
uppermost alluvial deposits drained, lowering in response the near-surface water table. Native 
nparian species were replaced by the exotic salt cedar within the incision and by native desert 
scrub above the terrace scarp; no distinguish=')\< ... »dplain is present. Channel incision 
decreases as the river passes into Hunt . .\« ,, _ pproximately 8.5 km (5.3 mi) downstream of 
Zion Dam, where the gradient decrease: s\— \‘scantly. 


Plans for controlled releases from an upstream reservoir, and to deepen its current breach 
channel make Zion Reservoir an ideal site to test a seservoir erosion model. Surface-water rights 
obtained by the Zuni Nation, although still under adjudication, will likely be delivered as 
controlled releases from Lyman Reservoir and provide an opportunity to determine the flows 
best suited to promote reservoir erosion and deposition downstream. Plans to physically breach 
the dam, combined with an already limited water-storage capacity, alleviate the need to simulate 
a catastrophic breaching event. In addition, occasionally dry conditions at the reservoir have 
made it relatively easy to survey the reservoir floor. 
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Objectives: The purpose of this study is to evaluate reservoir erosion and aggradation 

downstream for a range of natural flows and potential controlled releases from a reservoir 

upstream, and to develop a preferred sediment-management plan based on the results. 

ee cae ee ace eee 
Simulate erosional channel network development and evolution within the reservoir 
Simulate cohesive bank failures, their contnbution te the volume of sediment eroded from 
Zion Reservoir, and their impact on the morphology or reservoir channels 

e Determine if dense channel vegetation downstream of the dam provides sufficient channel 
roughness to promote the re-deposition of entrained reservoir sediment 

e For possibie controlled releases from Lyman Reservoir upstream, identify the discharges and 
flow durations (within the range available) that most effectively promote erosion in the 
reservoir and aggradation downstream 

e Assess the long-term course of reservoir erosion, and potential methods of promoting the 
recovery of a stable channel within the reservoir 





CHANNEL AGGRADATION MODELING 


Data Collection: Data collection for the HEC-6 model of channel aggradation below the 
reservoir consisted primarily of representative cross-section measurements (locations are noted 
on figure 1), and grain size analysis of both channel and reservoir sediment. Sediment loads 
entering the model reach were estimated from average USGS suspended sediment measurements 
approximately 80 km (50 mi) downstream, which where plotted as a function of discharge. 
Roughness coefficients at each cross-section were estimated as the sum of the coefficients for the 
channel type and the vegetative component. The latter was estimated using an empirical formula 
derived by Phillips et al. (1998). A USGS gage near cross-section 8, installed in 1998, will 
provide important stage and discharge information for model calibration. 





Initial Results: For simulated controlled releases of 2.8, 5.7, and 8.5 m’/s (100, 200, and 300 
ft’/s, respectively) over a period of 5 days, preliminary model results indicate that deposition in 
the approximately ten-kilometer reach below Zion Dam will be limited by the amount of coarse 
sediment present in reservoir. Silt and clay, which comprise 70-85% of the reservoir sediment, 
are predicted to bypass the project reach entirely. The small sand and negligible gravel fractions 
will deposit almost entirely within the reach immediately downstream of the dam (fig. 2). 
Deposition and erosion alternate throughout the rest of the project reach, with erosion occurring 
in steeper sections and deposition in the more gently sloped sections. This pattern is strongly 
correlated with the depth to which the channel is currently incised, providing some indication 
that the model is behaving properly. The lack of any significant flows in this reach over the last 
two years has made model calibration impossible. 





All three simulated release rates from Lyman Reservoir are predicted to result in a small amount 
of deposition where the nver passes onto Zuni Reservation land (approximately kilometer 8.75, 
figure 2) at the upper end of Hunt Valley. Although not presented in figure 2, similar results 
have been obtained for a substantial range of channel roughness, input sediment load, and flow 
duration values. 
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Figure 2. Relative elevation change of the thalweg for three simulated discharges. 


Discussion: Changes in channel slope correlate directly with the amount of simulated deposition 
and/or erosion throughout the study reach, as well as with field observations of channel depth. 
The lowest slope in the reach, however, is located immediately below Zion Dam, and traps most 
of the inflowing sediment, leaving little to affect aggradation downstream where it is desired 
most. The small amount of aggradation at the lower end of the study reach may indicate that a 
more proactive approach, such as a check dam, will be necessary to expedite aggradation in this 





RESERVOIR-EROSION MODELLING 


Reservoir-erosion Modeling: A sediment-management plan for a project commonly requires a 
sediment-transport model to evaluate impacts of dam retention and removal alternatives. Despite 
many dam-removal studies, however, relevant peer-reviewed publications are limited. Perhaps 
the best example of a reservoir-erosion model is the Elwha Reservoir Model (Randle et al., 1996; 
USBR, 1996), developed for the draining of the Elwha and Glines Canyon Reservoirs, Elwha 
River, Washington. The Elwha Reservoir Model integrates empirical relations for erosion and 
redeposition of coarse sediment with a model for fine-sediment transport to predict erosion, 
redistribution, and downstream release of sediment during concurrent incremental removal of 
both dams. It is based partly on measurements of the erodibility and transport of reservoir 
sediment during drawdown in the upper reservoir, and cannot be applied ecisewhere without 
conducting similar studies. The Elwha Reservoir Erosion Model demonstrates the need for the 
capability to simulate a wide range of geomorphic processes with a minimal data. Such a model 
should ideally be physically based, distributed, and easily adaptable to site-specific conditions. 
The reservoir erosion model being developed for Zion Reservoir takes the first step in this 
direction by integrating subroutines appropriate for simulating erosion in a medium-sized, dry 
reservoir. 








The extensive amounts of computational time and data collection required to calibrate two- and 
quasi three-dimensional distributed models of flow and sediment transport have made them less 
attractive than one-dimensional models, but this is changing. Improved surveying technology 
has substantially increased measurement precision, and reduced te time required (2 to 4 seconds 
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per measurement) to collect the elevation data for input into and calibration of fully distributed 
models. In addition, the rapidly increasing speed and availability of computer technology is 
breaking down the computational time barner to the use of complex two and quasi three- 


Model Description: The primary objective of the r servoir erosion model is to quantify the 
volume of sediment that will be eroded from the reservoir under a variety of flow conditions. 
Implicit to this objective is the ability to simulate the formation and growth of a network of 
erosional channels in the reservoir, and the failure of cohesive banks as the channels become 
incised. It will therefore be necessary to test the effectiveness of computational techniques for 
channel initiation and bank failure when incorporated into a single comprehensive reservoir 
erosion model, and to improve upon these if they are not successful. 





A fully distributed, deterministic model developed by Jonathan Nelson (USGS) to simulate flow 
an 1 sediment transport in meandering natural channels serves as the foundation for the modeling 
efforts. It is a quasi three-dimensional computational model for flow and boundary stress fields 
in natural channels that is combined with bed- and suspended-load transport algorithms (Nelson 
and Smith, 19892). By retaining streamwise convective accelerations in the lowest order 
momentum equations, the flow model has been successfully used to predict the velocity, 
boundary shear stress, and surface elevation of flow through meandering channels with natural 
topography (Nelson and Smith, 1989b). When coupled with a bedload transport algoritium the 
resultant channel evolution model yields predictions of finite amplitude morpho! »gy of both 
point and alternate bars in curved and straight channels, respectively (Nelson and Smith, 1989b). 


This particular model has been chosen because it offers two key advantages over more widely 
used models. First, it is one of a new generation of physically-based models employing new 
computational approaches in fluid mechanics and capitalizing on an improved understanding of 
the basic mechanics of sediment transport in turbulent flows. As such, it is particularly valuable 
in situations such as at the Zion Reservoir where important management decisions must be made 
without the benefit of historic data. Secondly, the model has a versatile modular framework that 
allows it to be tailored specifically to the conditions at a site. It is therefore ideally suited to 
modifications that will enable it to simulate bank failures and channel network development. 





The well-constrained conditions of a single-outlet network of parallel-banked channels 
developing on an approximately planar, unvegetated surface (fig. 3) are ideal for the 
investigation of channel-head spacing, headward migration rates, and channel self-similarity at 
different scales. Natural and atrificial flows from the LCR, rather than locally derived surface 
runoff, will greatly increase the rate at which the drainage network develops, and will make it 
much easier to monitor network evolution. These site conditions thus provide a rare non- 
laboratory opportunity to validate a numerical model for drainage network development without 
years of tedious data collection. 


Bank Stability: Bank failure is an important process in most dam removals because channels 
rapidly cut into saturated sediment that commonly is high in fine grain sizes. The influence of 
bank failures on channel morphology and sediment load is widely recognized, but has not been 
included in a reservoir-crosion model. The Zion Reservoir crosion model will incorporate a 
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bank-stability algorithm (Simon et al., 1999) to account for the sediment contribution from mass 
wasting. Previous studies have combined bank-stability algorithms with sediment-transport 
models (e.g. Simon et al., 1991; Darby and Thorne, 1996; Simon and Darby, 1997), but all have 
limited computational interaction between the banks and the flow. This new algorithm has 
greater interaction between hydraulic and gravititional processes than earlier versions, and 1s 
well suited for combination with a 3-dimensional flow and sediment-transport model. 


rat Me. 


—— 





> 

















Figure 3. Digital orthophoto of the lower portion of Zion Reservoir in which a network 
of channels formed during a dam breach in the mid-1970s. 


The bank-stability algorithm developed by Simon et al. (1999) will be evaluated in terms of its 
effect on channel width. Simulations will be run with and without this component of the model 
to visually assess its impact on channel width, and to get a quantitative estimate of the volume of 
sediment derived from bank mass failure. It will also be possible to simulate a discontinuous 
flow release pattern from Lyman Reservoir as a means of promoting bank failure and thereby 
enhancing reservoir erosion. If the water allocated for release from Lyman Reservoir is divided 
into a series of short flows separated by periods of no (or lower) flow, the potential for bank 
failure and hence available sediment may be greatly enhanced 


Channel Development: The channel-network component of the reservoir-erosion model ts 
partly based on a model of Howard (1994), whose channel-initiation technique is being tested for 
its ability to predict the number and locations of erosional channels that develop upstream of a 
breach. This technique, which relies on the assumption of detachment-limited conditions, 
converts a cell in the simulation matnx from nonalluvial to alluvial if the bedload-transport rate 
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exceeds the potential rate. The assumption of detachment-limited conditions is often applied to 
the erosion of cohesive material (e.g. Izumi and Parker, 1995), and may hold for erosion in Zion 
Reservoir where fine material constitutes 80 to 90% of the reservoir sediment. 


Simple normal flow will most likely be used to simulate unchannelized flow across the upper 
portion of the reservoir. Problems with the selection of finite wavelength that have been 
associated with drainage basin evolution models based on normal flow (Izumi and Parker, 1995) 
will be avoided in this application. The low critical shear strength of reservoir sediment, 
combined with a single water entry point upstream should cause a small number of channels to 
rapidly connect with the reservoir inlet, and avoid the difficulty of fine scale selection. 


Data Collection: Data co!lection for the reservoir erosion model consists of a detailed survey of 
the reservoir floor, and sediment property measurements. A Trimble GPS Total Station 4800 
and 4700 Rover Unit with real time kinematic (RTK) technology were used in to conduct the 
reservoir survey. These instruments have a precision of | cm in the horizontal and 2 cm in the 
vertical dimensions, and may therefore be used to generate a high-resolution map of reservoir 
channel morphology. Points were surveyed at irregular intervals and imported into ARC/INFO 
to interpolate an elevation surface for model input. 





Sediment data collected include sediment cores, effective cohesion, and critical shear strength. 
Six sediment cores have been used to map the sediment thickness and grain size distribution 
within the reservoir. Submerged jet device and borehole shear tester measurements were made 
at three locations, and revealed that critical shear strength and cohesion, respectively, are 
uniform throughout the lower reservoir. Soil moisture content was also found to have little 
variability. 


Water entering and exiting the reservoir is measured at several USGS gaging stations. Water 
from the 847 km’ (331 mi*) LCR drainage below Lyman Dam (USBR, 1955) is measured just 
upstream of the confluence with Carrizo Wash (fig. 1). Carrizo Wash, with a directly 
contributing drainage area of 2616 km? (1022 mi’), (USBR, 1955) is gaged off of highway 666 
approximately 14.4 km (9 mi) above Zion Reservoir. Reservoir outflow will be monitored at a 
third USGS gage located approximately 1.7 km (1.1 mi) below Zion Dam. 


Planned Simulations: The reservoir erosion model will be used to test a variety of natural flood 

flows and controlled releases from Lyman Reservoir. Some of these include: 

e Short duration high magnitude flow such as 8.5 m’/s (300 ft’/s) for 5 days (the maximum 
permissible release rate from Lyman Reservoir is assumed to be 8.5 m’/s). 
Longer duration, lower magnitude flow such as 4.25 m’/s (150 ft’/s) for 10 days. 

e Alternating high and low flows designed to promote bank failure and the transport of 
sediment downstream 

e¢ Natural flows with 1, 5, 10, 50, and 100-year return periods. 





SUMMARY AND CONCLUSIONS 


Preliminary simulations of controlled releases from an upstream reservoir have shown that 
sediment derived from erosion in Zion Reservoir will likely cause significant aggradation in the 
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gently-sloped segment immediately downstream. The desired locus of deposition in Hunt 

Valley, in contrast, will not experience significant aggradation due to the higher slope in this 
segment. Construction of a sediment retention structure below the project reach may aide in 

speeding gully infilling and channel restoration at this site. 


The development of a reservoir erosion model will provide a tool to make realistic estimates of 
the volume of sediment that will be eroded from Zion Reservoir, which can be used to refine 
sediment management plans for the project reach downstream. Dry, unvegetated conditions in 
the reservoir, combined with plans for controlled releases from an upstream reservoir and plans 
to physically breach the dam also make this an excellent location to test a new, more 
comprehensive reservoir erosion model. 
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EFFECTS OF BASIN AND LAND-USE CHARACTERISTICS ON SUSPENDED-SEDIMENT YIELD 
IN THE HOUSATONIC RIVER BASIN, WESTERN MASSACHUSETTS 


By Gardner C. Bent, Hydrologist, U.S. Geological Survey, 10 Bearfoot Road Northborough, MA 01532 
Phone: (508) 490-5041, Fax: (508) 490-5068, E-mail: gbent@usgs.gov 


Abstract: Suspended-sediment yield was measured for six subbasins and estimated for two subbasins with different 
basin and land-use characteristics in the Housatonic River Basin, western Massachusetts from April 1994 through 
March 1996. Measured yields ranged from 21 to 147 tons per year per square mile, and estimated yields were 82 and 
395 tons per year per square mile. Five dams and associated reservoirs, although relatively small in size (each less 
than 0.20 square miles in surface area), decreased yield in one subbasin by trapping sediment. Suspended-sediment 
yields were moderately related to the combined percent areas of forested wetlands, non-forested wetlands, and water 
bodies (-0.50 correlation coefficient) and the percent area of sand and gravel (0.64 correlation coefficient). Yields 
were highly related to the percent areas of flood-plain alluvium (0.89 correlation coefficient), agricultural and open 
land (0.86 correlation coefficient), and soils with a high soil-erodibility factor (0.93 correlation coefficient). The five 
soils in the basin with a high soil-erodibility factor are all silt-loam soils and have a soil erodibility factor of 0.49. 
The causative effects of the silt-loam soils, flood-plain alluvium, and agricultural and open land on suspended- 
sediment yields cannot be clearly discerned because they are interrelated, inasmuch as that the silt-loam soils are 
related to the areas of flood-plain alluvium and of agricultural and open land, and the area of flood-plain alluvium is 
also related to the area of agricultural and open land. 


INTRODUCTION 


Studies of suspended sediments transported by a stream are important because of the potential effect sediments have 
on: recreation on rivers, lakes, and ponds (esthetics); aquatic habitat (for example, burial of fish eggs); water 
supplies; reservoirs, lakes, and ponds (sedimentation); the design water-treatment plants and reservoirs; stream 
morphology; and water-quality constituents. Trace metals, pesticides, and polychlorinated biphenyls (PCBs) have a 
strong affinity for and sorb to soils, sediments, and organic matter. The distribution of these sorbed constituents to 
sediments in a stream results from suspension, deposition, resuspension, redeposition, and so on, as the sediments 
move downstream in response to variations in flow. 


Suspended sediment has been of particular concern in the Housatonic River because PCBs were detected in the river 
in the mid 1970s (Gay and Frimpter, 1985). In the late 1970s and early 1980s, several areas of the Housatonic River 
Basin were investigated for distribution and transport of PCBs. The results of these investigations are presented in 
Frink and others (1982), Gay and Frimpter (1985), Kulp and Gay (1986), and Kulp (1991). Additional information 
regarding the distribution and transport of PCBs in the Housatonic River Basin has also been published by other 
Federal and State agencies and consulting firms since the mid 1980s. 


From April 1994 through March 1996, the U.S. Geological Survey (USGS) in cooperation with the Massachusetts 
Department of Environmental Management (MDEM), Division of Resource Conservation, Office of Water 
Resources studied the general hydrology of the Housatonic River Basin (Bent, 1999). The study included 
characterization of suspended-sediment concentrations, discharge, loads, and yields (Bent, 2000). One of the major 
objectives of this study was to provide a better understanding of suspended-sediment yields and of the relation of the 
yields to basin and land-use characteristics. This information will assist Federal, State, City, and Town water and 
land managers in determining the potential transport of PCBs in the river. 


The purpose of this paper is to provide information from data collected from April 1994 through March 1996 on 
suspended-sediment yields at two sites on the Housatonic River, in the area adjacent to the Housatonic River 
between these two sites, and at five sites on tributaries to the Housatonic River. The relation between suspended- 
sediment yields and basin and land-use characteristics of the study area is also evaluated. 
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DESCRIPTION OF THE STUDY AREA 


The Housztonic River drains 504 mi? (square mules) of western Massachusetts, 217 mi? of eastern New York, and 
1,232 mi of western Connecticut before discharging into Long Island Sound. The study area for this investigation 
(fig. 1) is confined to 504 mi? in Massachusetts, 26 mi? in New York, and 10 mi? in Connecticut for a total area of 
540-mi? (fig.1). The central part of the study area is the lowland area of the Housatonic River Valley and is bordered 
by the Berkshire Mountains to the east and the Taconic Mountains to the west. Elevations in the study area range 
from about 635 ft (feet) above sea level at the Massachusetts-Connecticut State border to about 2,600 ft above sea 
level in the headwaters of the Housatonic River. 


Land Use: The study area is mainly rural; it is approximately 67 percent forested, 12 percent agricultural/open, 10 
percent urban, 7 percent wetland (forested and non-forested), 2 percent water bodies, and 2 percent barren. Basin 
and land-use characteristics thought to be most associated with suspended-sediment yield are listed in table | for 
subbasins in the Housatonic River Basin along with suspended-sediment yields determined and estimated for the 
study. 


: The lowlands of the Housatonic River Valley in the study area are underlain primarily by carbonate rocks, 
fe Bethire Mountains by gneissic rocks with small areas of quartzitic, and the Taconic Mountains by schistose 
rock (Norvitch and others, 1968, sheet 4). Sand and gravel and flood-plain alluvium deposits overlie till primarily in 
the upland stream valleys and in the Housatonic River Valley, and overlie about 11 and 5 percent of the study area 
(fig. 1), respectively. 


Soils; Soils that are highly erodible in the study area include the Hadley, Limerick, Linlithgo, Saco, and Winooski 
silt-loam soils, which have a reported soil-erodibility factor (K-factor) (Wischmeier and Smith, 1978) of 0.49 (U.S. 
Department of Agriculture, Soil Conservation Service, 1970; 1988; 1989). The K-factor of the other 53 soils in the 
Massachusetts part of the study area averaged 0.23 and ranged from 0.10 to 0.43 (U.S. Department of Agriculture, 
Soil Conservation Service, 1988). The Hadley, Limerick, Linlithgo, Saco, and Winooski silt-loam soils tend to be 
adjacent to stream channels in the study area, especially in the southern part of the basin. 


Climate; The mean annual temperature measured at climatological stations in the basin is between 43.4 and 45.6°F 
(US. Department of Commerce, National Atmospheric and Oceanic Administration, 1983; 1994). Mean annual 
precipitation is between 43.9 and 48.8 in. (inches) and is distributed uniformly throughout the year (U.S. Department 
of Commerce, National Atmospheric and Oceanic Administration, 1983; 1994). Mean annual snowfall is about 71.4 
in. (U.S. Department of Agriculture, Soil Conservation Service, 1988, p. 138). Overall, precipitation during the two- 
year study was about normal. Precipitation during the first six months of the study was from 1.5 in. below normal to 
0.5 in. above normal (U.S. Department of Commerce, National Atmospheric and Oceanic Administration, 1994). 
During the next year (October 1, 1994 through September 30, 1995), precipitation was from 13.4 to 15.4 in. below 
normal, whereas precipitation during the next six months was 12.3 to 11.4 in. above normal for the next six months 
(U.S. Department of Commerce, National Atmospheric and Oceanic Administration, 1994; 1995; and 1996). 


Hvd ; From the headwaters of the Housatonic River to the continuous streamflow-gaging station at the 
Housatonic River near Great Barrington, Mass. (01197500) (fig. 1), the Housatonic River flows 49.7 mi and has a 
mean channel slope of 16.5 fi/mi (Wandle and Lippert, 1984, p. 19). Five dams (Woods Pond, Columbia Mill, 
Willow Mill, Glendale, and Rising Pond) (fig. 1) and two smaller dams (not shown in fig. 1) are upstream from 
station 01197500 (Bickford and Dymon, 1990, p. 35; General Electric Company, 1991). Between station 01197500 
and the Massachusetts-Connecticut border (fig. 1), the Housatonic River is about 21 mi long, has no dams, and has a 
mean channel slope of about 2 ft/mi. 


FACTORS AFFECTING SUSPENDED-SEDIMENT YIELD 


Hydrologic, physical, and land-use characteristics of the subbasins in the study area were evaluated to explain 
differences in suspended-sediment yield among the eight subbasins (table 1). Differences in precipitation were not 
evaluated because precipitation data were not available in all study subbasins; however, total streamflow was 
evaluated for the six subbasins in which yield was measured (table 1). 
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Table 1. Suspended-sediment yield, streamflow, and selected basin and land-use characteristics for continuous- and 
partial-record sediment stations in the Housatonic River Basin, western Massachusetts, April 1994 through March 
1996 


[Percent values m table rounded to nearest tenth USGS station Neo.: Locations shown im figure | Total soils with soil erodibility fector of 
6.49: Total souls with soul erodibility factor of 0 49 equals sum of Hadicy, Lomenck, Linisthgo, Saco, and Wimoosk: silt-loam sols GRID, surface 
modeling package in ARCINFO, no., number, USGS, U.S. Geological Survey, ((ft’/s)/yr\mi’, cubic feet per second per year per square mile, 
mi’, square miles; (ton/yr)/mi’, ton per year per square mile., --, no data | 














“Total of Sand and Fiood- Carbonate onelssic 
Drainage Suspended daily plain and 8 =s Schistose 
USGS station No. ane sediment een grave! eid rocks quartzitic rocks 
and station name mi’) yield crcemfice . @™* area ares = rocks «= (percent) 
(((tPisyyrym?’) 
(oniyryent) tpercent) «worcent) °°) percent) 
01197500 Housatonic River 282 20.6 694 10.0 3.5 36.8 494 13.9 
near Great Barnngton, 
Mass 
01197802 Withams River 432 35.3 621 10.0 2.3 466 3.6 498 
near Great Barnngton. 
Mass 
01 198000Green River near 51.0 77.7 699 8.1 19 45 1.5 64.1 
Great Mass 
01198080 Schenob Brook at $0.0 81.6 -- 18.1 8.0 69.4 0 6 
Sheffield, Mass 
01198122 lronworks Brook at =] ] 2 78.4 $21 34 l 56.8 37.8 5.6 
Sheffield, Mass 
Area adjacent to the 27.6 395.3 -- 20.2 246 $5.1 %3 8.6 
Housatonic River between 
Great Barrington, Mass . 
and Ashiey Falls, Mass 
01198125 Housatomc River 465 584 711 11.1 49 42.5 33.5 24.0 
near Ashicy Falls, Mass 
01198200 Konkapot Riverat 6] ] 146.6 655 11.2 19 434 50.8 59 
Ashiey Falls, Mass 
teen Agricultural Non ‘Tots 
Agricul- and open Water Forested 
USGS station No.and PS” turatand ATE" — aren and bodies wetlands nets = mules 
station name (GRID) open area barren, rocks, area area bodies 
(percent) ‘P*S*") ining area (percent) (percent) —ae Gna 
(percent) (percent) 
01197500 Housatonic River 7.68 8.4 2.9 11.3 2.2 40 3.2 94 
near Great Barrington, 
Mass 
01197802 Wilhams River 8.74 144 2.2 16.6 ) 49 3.7 94 
near Great Barrington, 
Mass 
01198000 Green River near 9.49 17.7 1.0 18.7 5 1.7 8 3.0 
Great Barrington, Mass 
01198080 Schenob Brook at 8.06 149 2.0 16.9 7 74 48 12.9 
Sheffield, Mass 
01198122 lronworks Brook at §=§ 20 12.1 6 12.7 1.7 41 40 97 
Sheffield, Mass 
Area adjacent to the 7.83 26.4 28 29.2 3 5 3.7 45 
Housatonic River between 
01197500 and 01198125 
01198125 Housstome River 8 04 118 2.5 14.3 1.6 40 3.2 88 
near Ashiey Falls, Mass 
01198200 Konkapot Riverat 6 78 2.1 1.0 13.1 1.5 1.5 37 6.7 
Ashicy Falls, Mass 
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Table 1. Suspended-sediment yield, streamfiow, and selecied basin and land-use Characteristics for continuous- and 
partial-record sediment stations in the Housatonic River Basin, western Massachusetts, April 1994 through March 
1996-—Continued 











Supenaee- ~_ Silt loam area (percent) Total solls with 
2s 6s sec coraest 
and station name Hadley Limerick Linlithgo Winooski 

im ((torvyrymi’) _(percent) 
01197500 Housutome River 28? 20.6 0.2 1.2 00 0.6 0.3 23 
near Great Barnngton, 
Mass 
01197802 Wilhams Rivernear 43 2 35.3 a | 9 0 dl 1 1.2 
Great Barnngton, Mass 
01198000 Green River near $1.0 77.7 Jd 6 0 0 8 1.5 
Great Barnngton, Mass. 
01 198080 Schenob Brook at $0.0 81.6 Jd 2.2 O 2.7 3 5.3 
Sheffield, Mass 
01198122 Ironworks Brook at =]. ]_2 78.4 0 0 0 6 Jd 7 
Sheffield, Mass 
Area adjacent to the 27.6 395.3 $.1 68 0 2.9 5.2 20.0 
Housatonic River between 
Great Barnngton, Mass . 
and Ashicy Falls, Mass 
01198125 Housatome River 465 58.4 4 1.5 O 9 7 3.5 
near Ashiey Falls, Mass 
01198200 Konkapot Riverat 6] ] 146.6 2 9 0 4 6 2.1 
Ashley Falls, Mass 





Dams: The suspended-sediment yield at the Housatonic River near Great Barrington (station 01197500), 21 
(tons’yr)/mi? (tons per year per square mile), was the lowest, , of the eight subbasins. The basin and land-use 
characteristics of this subbasin are similar to those of other subbasins, but suspended-sediment yield is affected by 
the five largest dams upstream that trap sediments. Two of the dams, Woods Pond Dam and Rising Pond Dam (only 
0.8 mi upstream of the station), have substantial impoundments. Woods Pond has a surface area of about 0.19 mi? 
and depths of about 15 ft (Frink and others, 1982); Rising Pond has a surface area of about 0.07 mi? and depths of 
about 15 ft. Frink and others (1982) report that sediment thicknesses ranged from 0.5 to 6 ft in Woods Pond and 
from 6 to 8 ft in Rising Pond. The other three dams -- Columbia Mill, Willow Mill, and Glendale ~ have smaller 
impoundments and likely trap sediment that otherwise would have been discharged downstream The sediment 
transport capacity of a stream can increase immediately downstream of dams that trap sediments, sc that the 
streambed and stream banks are often scoured in these reaches (Collier and others, 1996). 


Soils; The area adjacent to the Housatonic River between Great Barrington and Ashicy Falls (fig. | and table 1) had 
the Targest : of soils with a high soil-erodibility factor (20 percent). This subbasin also had the highest 
percentage of the Hadley, Limerick, Saco, and Winooski silt-loam soils individually. The correlation coefficient (,) 
of percent area of soils with a high soil-crodibility to suspended-sediment yield was 0.93. Suspended-sediment 
yields are also highly correlated with the individual percent area of Hadley, Limerick, Saco, and Winooski silt-loam 
soils (¢ = 0.95, 0.89, 0.66, and 0.93, vespectively). Although these correlation coefficients are mainly influenced by 
the area adjacent to the Housatonic River between Great Barrington and Ashiey Falls (suspended-sediment yield 395 
(tons/yr)/mi*), they seem reasonable given visual observations of (1) streambank sloughing along the Housatonic 
River in areas of these silt-loam soils, and (2) the Housatonic River flowing out of its banks and across areas of 
these silt-loam soils several times during the 2-year study. 


The Schenob Brook (station 01198080) subbasin has the second highest percent area of highly erodible soils, but 
had an estimated suspended-sediment yield of only 82 (tons/yr)/mi’?. This suspended-sediment yield is comparable to 
that at Green River (station 01198000), 78 (tons/yr)/mi’ and third lowest percent area of highly erodible soils, and to 
that at Ironworks Brook (station 01198122), 78 (tons/yr)/mi? and lowest percent area of highly erodible soils (table 
1). The low suspended-sediment yield from the Schenob Brook subbasin is likely due to (1) the effects of a dam on 
Hubbard Brook, which drains about 50 percent of the subbasin, and (2) backwater conditions at station 01198080 
during moderate to high flows, which caused settling of suspended sediments. 
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; To assess the possible effects of bedrock and surficial geology on suspended-sediment yield in the study 
area, the percent area of carbonate rocks, gneissic rocks with small areas of quartzitic rocks, schistose rocks, sand 
and gravel, and flood-plain alluvium were compared for the eight subbasins. Suspended-sediment yield was poorly 
correlated to the percent area of carbonate rocks (- = 0.28), the percent area of gneissic rocks with small areas of 
quartzitic rocks (, = 0.23), and the percent area of schistose rocks (,- = -0.38). 


Percent area of sand and gravel was moderately related to suspended-sediment yield (- = 0.64) and percent area of 
flood-plain alluvium was highly related to suspended-sediment yield (- = 0.89). This high correlation is likely the 
result of the high percent area of flood-plain alluvium, 24.6 percent, and high suspended-sediment, 395 
(tons/yr)/mi’, for the area adjacent to the Housatonic River between Great Barrington and Ashiey Falls. Flood-plain 
alluvium is highly related (cross correlation) to highly erodible soils, as flood-plain alluvium is mainly mapped 
(classified) as Hadley, Limerick, Linlithgo, Saco, or Winooski silt-loam soils (U.S. Department of Agriculture, Soil 
Conservation Service, 1970; 1988; 1989). These soils occur in the flood plain of the Housatonic River and some 
tributaries. The cross-correlation between the percent area of flood-plain alluvium and the percent area of highly 
erodible soils for the eight subbasins has a correlation coefficient of slightly less than 1.00. 


Land Use: Land uses evaluated for their potential to affect the suspended-sediment yields were the percent area of 
(T) agricultural and open land, (2) barren land, (3) water bodies, (4) forested wetlands, and (5) non-forested 
wetlands. Areas of agricultural, open, and barren land likely have a higher suspended-sediment yield (relative to 
other areas) because these areas generally have a greater percentage of bare soil or greater soil disturbances than 
other areas. Water bodies, forested wetland, and non-forested wetlands act as sediment traps, and thus tend to 
decrease suspended-sediment yield. 

The percentage of agricultural and open land was highest in the area adjacent to the Housatonic River between Great 
Barrington and Ashiey Falls, where suspended-sediment yield was also highest among the cight subbasins (table 1). 
The suspended-sediment yield was highly correlated to the percent area of agricultural and open land (, = 0.86). 
Again this is likely a result of the fact that these are the predominant land use types in the arca adjacent to the 
Housatonic River between Great Barrington and Ashiey Falls. The agricultural and open land is generally coincident 
with the highly erodible silt-loam soils, which are mainly found in the area adjacent to the Housatonic River 
between Great Barrington and Ashiey Falls (Bent, 2000). The Housatonic River was out of its banks and flowing 
across agricultural areas on bends in the river in the area adjacent to the Housatonic River between Great Barrington 
and Ashley Falls several times during the 2-year study. Four of the five highly erodible silt-loam soils, excluding the 
Saco silt-loam soil, are reported to be either fairly well or well suited for cultivation for row crops and small grains 
or for grasses and legumes for hay and pasture (U.S. Department of Agriculture, Soil Conservation Service, 1970; 
1988; 1989). Thus, cultivation and exposure of some of the silt-loam soils for agricultural purposes during the 
dormant (nongrowing) season may provide a source of erodible material. 


The percent area of agricultural and open land is highly related (cross correlation) to the percent area of highly 
erodible silt-loam soils (¢ = 0.85). The percent arca of agricultural and open land is also highly related (cross 
correlation) to the percent area of flood-plain alluvium (,- = 0.83). These high cross correlations, as well as the one 
between flood-plain alluvium and highly erodible silt-loam soils, make it difficult to discern causative effects of 
these three characteristics on suspended-sediment yield. Additionally, the small number of subbasins (eight) makes 
it difficult to separate these individual basin or land-use characteristics in order explain their causative effects on 
suspended-sediment yields in the basin. 


The percent area of barren land differed slightly among the subbasins (0.6 to 2.9 percent, table 1), but because this 
type of land use represents such a small percentage of the total area, it was only poorly correlated to suspended- 
sediment yield (- = 0.20). The combined percent area of water bodies, forested wetlands, and nonforested wetlands 


differed among the subbasins (3.0 to 12.9 percent, table 1) and was moderately correlated to suspended-sediment 
yield (¢ = -0.50). Water bodies, forested wetlands, and nonforested wetlands likely are efficient in trapping 


sediment, like the five largest dams on the main stem of the Housatonic River upstream from station 01197500. 


Other Factors; Differences in total streamflow (table 1) and in streamflow characteristics (flow durations) were 
evaluated for their effect on differences in suspended-sediment yield among the eight subbasins. Although total 


streamflows differed among the six subbasins where suspended-sediment yield was measured (table 1), total 
streamflow was poorly correlated with suspended-sediment yield (- = -0.14). Comparisons of flow-duration curves 
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on a per-square-mile basis for the 2-year study showed slight differences im streamflow characteristics among 
subbasins, but the differences did not seem to be related to differences in suspended-sediment yield (Bent, 2000). 
Mean basin slope was evaluated for each of the eight subbasins because steeper slope increases potential soil crosson 
(Wischmeier and Smith, 1978). Mean basin slopes differed slightly among the sub/asins (6.8 to 9.5 percent, table 1) 
and were poorly correlated with differences in suspended-sediment yield (- = -0.27). 


SUMMARY AND CONCLUSION 


Severai basin and land-use characteristics thought to affect suspended-sediment discharge in the subbasins were 
compared to suspended-sediment yields. The presence of dams decreased the suspended-sediment yield, the percent 
area of highly erodible soils (Hadley, Limerick, Linlithgo, Saco, and Winooski silt-loam soils) increased yield, the 
percent area of flood-plain alluvium increased yield, and the percent area of agricultural and open land increased 
yield. The flood-plain alluvium areas are mainly classified as silt-loam soils, and most of these soils are well suited 
for agricultural purposes such as row crops, hay, or pasture. Because of this cross correlation and the small number 
of subbasins, the independent effects of flood-plain alluvium, highly erodible soils, and agricultural and open land 
on suspended-sediment yield cannot be clearly distinguished. 


will help water and land managers better understand the potential transport of PCBs and non-point-source loadings 
in the Housatonic River Basin. These results may be transferable to other basins in the northeastern United States, 
area of soils with a high-soil erodibility factor, water and land managers throughout the United States could use this 
information to better manage areas of highly erodible soils to control soil erosion to fluvial systems. 
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Abstract 

The May 18, 1980 eruption of Mount St. Helens deposited a debris avalanche of over 3.8 billion 
cubic yards of silt, sand, gravel, and debris in the upper 17 miles of the North Fork Toutle River 
valley and another 50 to 60 million cubic yards in the upper portion of the South Fork Toutle 
River valley. The eruption devastated approximately 150 square miles of evergreen forests, 
lakes, and wildlife within this area. Mudflows, triggered by the eruption, carried large volumes 
of sediment from the debris avalanche into the Toutle-Cowlitz-Columbia River system. The 
resulting sediment deposition caused widespread flooding along the Toutle und Cowlitz Rivers 
and blockage of the Columbia River Navigation Channel. 


Sediment continues to erode from the debris avalanche and is transported down the North Fork 
Toutle River. The majority of this material now deposits behind the Sediment Retention 
Structure (SRS), which was completed in 1989. A period of about 20 years has clapsed during 
which hydrologic recovery of effected watershed areas and watercourses may have partially 
occurred. A reassessment of the eruption-influenced sediment transport conditions was 
conducted to quantify the extent of hydrologic recovery and estimate the future supply of 
sediment to downstream areas. A comparison was made of sediment yield estimates developed 
for the current study and those developed shortly after the cruption. 


INTRODUCTION 
In May 1980 Mount St. Helens erupted, removing the upper | ,324 feet of the mountain and 
depositing approximately 3.7 billion cubic yards of material over an area of 230 square miles 
(COE, 1999). The resultant debris avalanche buried the upper 17 miles of the North Fork Toutle 
River to an average depth of 150 feet. Mudflows carried a significant amount of this material 
downstream into the Toutle, Cowlitz, and Columbia Rivers. 


The Mount St. Helens (MSH) Project was formulated to control the projected movement of 
sediment from the debris avalanche along the North Fork Toutle Rivet and to maintain an 
optimized level of flood protection downstream along the lower Cowlitz River. 

A major element of the MSH Project ts the Sediment Retention Structure (SRS) located at RM 
13.2 of the Toutle River on the North Fork of the Toutle River. The debris avalanche along the 
North Fork Toutle River has been evolving since 1980 and differs significantly from when the 
original SRS design was completed. Sediment deposits upstream of the SRS reached the 
elevation of the SRS spillway crest between November 1997 and March 1998. The uppermost 
row of outlet pipes on the SRS was closed in April 1998. An analysis was made to develop 
improved estimates of the future sediment supply from the debris avalanche. 
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The Toutle River Basin primarily drains the northwest and southwest slopes of Mount St. Helens 
and has a total drainage area of 512 square miles at the confluence with the Cowlitz River. The 
Toutle River is comprised of three primary tributaries, which include the Green River, North 
Fork Toutle River, and South Fork Toutle River. They flow roughly parallel to each other from 
east to west. The Green River flows into the North Fork Toutle River, and the North Fork and 
South Fork Toutle converge to form the Toutle River approximately 17 miles upstream from the 
confluence with the Cowlitz River. The North Fork Toutle River is the largest tributary with a 
drainage area of 172 square miles at the vonfluence with the Green River. Along the east edge of 
the Toutle River basin is the Spirit Lake basin. The debris avalanche from the 1980 eruption 
blocked the natural outlet of Spirit Lake creating a closed basin. In 1985 the Corps of Engineers 
completed a tunnel from Spirit Lake to the South Fork Coldwater Creek, a tributary to the North 
Fork Toutle River, in order to regulate the level of the lake. 


The May 18, 1980 eruption of Mount St. Helens had the greatest impact on the North Fork 
Toutle River, as the majority of the debris avalanche deposited in the North Fork Toutle River 
valley. The Green River and South Fork Toutle River also experienced impacts from the 
eruption, which consisted primarily of mudflows. The lateral blast from the eruption altered the 
hydrologic characteristics of all three basins. Some of these altered characteristics included an 
increase in the magnitude of peak discharge and a reduction in travel time due to the increase in 
overland flow and reduced resistance in the channel (USACE, 1983). 


WATERSHED RECOVERY 
Since the 1980 eruption, the Toutle River basin has adjusted itself in various ways. These 


adjustments include recovery of the watershed, vegetation, and development of the channel 
system. These ecological and morphological changes alter the hydrologic, hydraulic and 
sediment transport characteristics of the basin. Available data and information were evaluated to 
assess the extent and rate of recovery. The objective of this portion of the analysis was to 
estimate the long-term trend of sediment supply from the debris avalanche to the N.F. Toutle 
River. Elements of the analysis included evaluation of historic cross section data, channel profile 
comparisons, historic aerial photography comparison, and computer-based evaluations of digital 
elevation models of the North Fork Toutle River basin for different time periods. 


Historic cross section survey information was evaluated to identify trends in channel cross 
section development such as channel widening and channel degradation. The rate at which 
channel cross section development has occurred and whether or not the channel has stabilized 
was assessed. Surveyed cross sections (USGS, 2000) along the North Fork Toutle, South Fork 
Toutle, and Toutle Rivers were utilized in the analysis. Cross sections have been repeatedly 
surveyed at more than 100 locations along these three rivers. Cross section surveys began as 
early as 1980, and have been resurveyed periodically up through1999. Typical results are shown 
in Figure 1. Cross sections on the North Fork Toutle, South Fork Toutle, and Toutle Rivers 
show a general trend of increased cross sectional area since the eruption. A majority of the cross 
sections have had a significant amount of streambank erosion and channel degradation. As a 
result, many locations show an increase in channel width and lowering of the thalweg elevation 
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Figure 1 Typical cross section data for the North Fork Toutle River. 


A profile analysis was performed for the North Fork Toutle River, Castle Creek, and Coldwater 
Creek in order to identify changes in the channel slope and thalweg elevation. Digital Elevation 
Models (DEM’s) (CENWP, 2000) of the North Fork Toutle River above the SRS for the years 
1987 and 1999 were used in the analysis. Profiles were extracted from the two DEM’s along the 
path of the 1999 channel thalweg starting at the upstream end of Loowit Creek down to the SRS 
along the North Fork Toutle River. 


The profile analysis shows that the North Fork Toutle River, Coldwater Creek, and Castle Creek 
have all degraded between 1987 and 1999, except between the N1 debris dam and the SRS. The 
most degradation on the North Fork Toutle River occurred near the Coldwater / Castle Creek 
confluence, and was as much as 40 feet. Up to 40 feet of degradation was also observed on 
Coldwater Creek, and up to 60 feet of degradation was observed on Castle Creek. More than 
100 feet of aggradation was observed upstream of the SRS. Even though the channels degraded 
significantly, the overall slope of the channels changed very little between 1987 and 1999, except 
near the SRS. 


A plan form analysis was made to observe the condition of sediment erosion and deposition 
upstream of the SRS. The analysis was made to observe and document geomorphic changes in 
the river valley over time and evaluate how the occurrence and severity of these channel changes 
has progressed since the eruption. To perform the analysis, historic aerial photography for the 
years 1980, 1982, 1983, 1984, 1985, 1987, and 1999 were compared. Analysis of the historical 
aeriai pistography indicates that the basin is beginning to recover. The majority of the channels 
were historically braided since the eruption; however, in many places the density of braided 
channels has declined, and at a few locations a single thread channel has formed. This would 
indicate that these channels have become more stable. The emergence of vegetation seen in the 
1999 aerial photography adjacent to many of the channels provide additional evidence that 
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hydrologic recovery is beginning to occur. However, the floodplains remain virtually 
unvegetated, indicating a continued lack of channel stability. The density and aerial extent of 
vegetation generally increases from upstream to downstream. 


The majority of the debris avalanche lacks any significant vegetation while nearer to the SRS 
there are trees growing on the hillslopes, the fioodplain fringe, and even portions of the 
floodplain. This is likely due to several factors including; lack of sufficient soils and soil 
moisture to promote vegetative growth on the debris avalanche, reduced impacts from the 
eruptive blast in the downstream direction, and replanting of private forest land outside of the 
volcanic monument. Additional evidence of hydrologic recovery can be seen by the stability 
and extensive vegetation of the delta formation in Coldwater Lake. This would indicate that 
South Coldwater Creek has started to stabilize 


While there are some indications of hydrologic recovery, the aerial photograph analysis also 
provides clear evidence that recovery is very slow. Hydrologic recovery to pre-eruption 
conditions has not occurred. The channels continue to shift and widen, and large-scale 
degradation and bank erosion is still occurring in many areas, as evidenced by the changes in 
channei plan form and the massive volume of sediment trapped behind the SRS since its 
completion in 1987. 


SEDIMENT SOURCES 
Digital Elevation Models (DEM’s) developed from aerial photography for the years 1987 (pre- 


SRS) and 1999 in the form of Triangulated Irregular Networks (TIN’s) were analyzed to estimate 
the total erosion on the debris avalanche upstream of the SRS as well as the total deposition 
behind the SRS over the involved time period. Erosion estimates were defined for each of the 
primary sediment sources (sub-areas) on the debris avalanche. These sub-areas categorized as 
Elk Rock, Coldwater Creek, Castle Creek and Loowit. Deposition estimates were developed for 
the North Fork Toutle River between the SRS and N-1 Debris Retention Structure. 


The two TIN’s were converted to overlapping grids with 10 foot by 10 foot cells. The grids were 
clipped to contain only the data pertinent to the analysis (only the locations of deposition or 
erosion as seen in the 1999 aerial photography). An elevation difference grid was developed by 
subtracting the 1987 grid from the 1999 grid showing the location and magnitude of the changes 
in elevation that occurred between 1987 and 1999. An extensive amount of deposition has 
occurred between the SRS and N-1 Debris Retaining Structure. In locations nearest the SRS 
deposition depths exceed 100 feet. The majority of the debris avalanche erosion is associated 
with the N.F. Toutle River channel upstream of Elk Rock. The most extensive erosion typically 
occurs along the outside of channel bends where bank erosion has caused elevations changes of 
up to 180 feet. This suggests that bank erosion has played a major role in the contribution of 
sediment to the N.F. Toutle River. Site visit observations confirm this conclusion. 


The total erosion from the sedime~’ source sub-areas were compared to the sediment deposition 
volume measured between the SRS and N-! Debris Retaining Structure and the volume of 
sediment passing the Kid Valley gage (assumed to be the same as the sediment passing the SRS) 
to evaluate data consistency. The total amount of erosion was measured to be 88 million cubic 
yards (MCY). When bulked by 16 percent to account for the reduction in density associated 
with deposition, the total erosion is estimated to be 102.1 MCY. Total deposition measured 


X-12 


1] 








Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


between the SRS and N-1 is 90.6 MCY. Suspended sediment passing the Kid Valley gage was 
estimated to be 11 MCY. It is noted that the Green River enters the North Fork Toutle Riv2r 
above the Kid Valley gage and would account for a small portion of the 11 MCY measured at the 
gage. Between 1988 and 1998 the Green River was estimated to contribute approximately 0.6 
MCY to the North Fork Toutle above Kid Valley. This estimate was based on suspended 
sediment discharge measurements made from 1988 and 1994 and correlation with the Tower 
Road suspended sediment record. 


The total N.F. Toutle River suspended sediment load that passed the SRS (above the Green 
River) for water years 1988 through 1998 was estimated to be 10.4 MCY. The deposition behind 
the SRS plus the estimate of suspended sediment that passed through the SRS totals 101 MCY. 
This volume is approximately | percent less thas: the total erosion volume estimated for the 
sediment source sub-areas. The most significant source of sediment has been the Elk Rock and 
Loowit sub-areas, which have a combined total of approximately 78 percent of the total debris 
avalanche erosion since 1987. Castle Creek sub-area and Coldwater Creek sub-area make up 
approximately 12.6 percent and 9.5 percent of the total debris avalanche erosion, respectively. 


SEDIMENT YIELD 
The average annual sediment yield of the debris avalanche will be influenced by the hydrologic 
and geomorphic recovery of the watershed and its stream channels. The trend and rate of 
recovery could be expected to significantly affect the accuracy of the average annual sediment 
yield estimate. Measured sediment yields at the Toutle River at Tower Road Gage and deposition 
behind the SRS were used to evaluate existing trends in sediment yield. 


As seen in Figure 2, annual sediment yields measured at Tower Road were significantly large 
during the early 1980's, but then reduced fairly rapidly throughout the late 1980's and early 
1990's. This would indicate that recovery in the watershed was causing a reduction in sediment 
supply to downstream areas. However, this time period was also a period of below average 
runoff. Total annual runoff was approximately 15 percent below normal for the period 1985 to 
1995. A significant increase in sediment yield occurred during the 1996 and 1997 water years as 
total annual runoff was approximately 45 percent above normal. This would indicate that 
sediment yield from the watershed is highly dependent upon the hydrology. Variability in the 
hydrologic cycle would tend to mask trends in the reduction of sediment yield. However, the fact 
that the sediment yields measured for 1996 and 1997, the largest water years of record, were less 
than those measured in 1982 and 1983 would indicate that some recovery has taken place. 
However, the sediment yield in 1996 was nearly the same as occurred in 1984, which further 
indicate the dependence of sediment yield on the involved hydrology. To account for the 
dependence between sediment yield and hydrology, the annual sediment yield was divided by the 
annual runoff to determine the yield of sediment per unit volume of runoff or average sediment 
concentration. As seen in Figure 3, the yield of sediment in 1996 was approximately 11.7 tons 
per acre-ft of runoff while the yield in 1984 was approximately 15.3 tons per acre-ft of runoff, a 
reduction of approximately 24 percent, providing further evidence of watershed recovery. 
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Figure 2. Measured annual sediment yield from Toutle River at Tower Road. 
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Figure 3. Annual sediment yield per unit volume of runoff. 


The average annual sediment concentrations were accumulated on an annual basis to determine 
if a trend of decreasing average sediment concentration over time is occurring in the system (see 
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Figure 4). A trend line was fit to the cumulative concentration data to develop a sediment 
concentration decay curve. This decay curve was then extended to the end of the MSH Project 
planning period to estimate the reduction in average annual sediment concentration that might be 
expected to occur by the year 2035. The predicted annual sediment concentrations were 
multiplied by the average annual runoff volume to estimate the annual yield of sediment from the 
debris avalanche. Figure 5 shows that over the next 35 years, the annual sediment yield would 
reduce by 2.3 million cubic yards or approximately 36 percent. It is noted that this estimate is 
based upon average hydrologic conditions that have occurred between 1931 and 1998. Future 
hydrologic conditions that differ from those considered in the analysis as well as significant 
vegetative recovery in the watershed or future volcanic eruptions would significantly alter the 
estimated rate of reduction in sediment yield. 


CONCLUSIONS 
Total sediment yield from 1999 to the end of the planning period is estimated to be 
approximately 185 million cubic yards. When this is added to the approximately 264 million 
cubic yards that has eroded since 1982, an estimated 449 million cubic yards will have been 
eroded from the debris avalanche by the year 2035. This is approximately 55 and 31 percent less 
than estimates of | billion and 650 million cubic yards made previously (USACE, 1984). 
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Abstract: The US Army Corps of Engineers has been authorized to develop sediment transport models for Great 
Lakes tributaries to previde tools that link land use management practices to sediment yield, bed and bank erosion 
sediment transport and sedimentation (including areas of dredging). This paper describes the development and 
application of model systems for three watersheds in Minnesota, Wisconsin and Michigan. The three watersheds 
feature a variety of geologic conditions including glacial tll and alluvial outwash. The land use management issues 
include forestry practices leading to flashier flows and greater bed, bank and valley wall erosion, urbanization also 
leading to flashier flows and increased bank erosion: and intensive agriculture |eading to high silt and sand yields. A 
variety of mode] components have been applied to the three watersheds depending on the local requirements and 
components already in place including: DHI’s UHM (hydrologic component), MIKE11 and MIKE21 (1D and 2D 
hydrodynamic models); a customized bank and bed erosion model, HSPF (and the GenScn mterface), 
HECRAS/HEC6, SAM, AGNPS and BRANCHID. ArcView GIS was a key component of all three systems. The 
paper presents some examples of the application of these systems to understand how different sediment sources 
contribute to sedimentation in Areas of Concern and Federal Navigation projects. 


INTRODUCTION 


The US Army Corps of Engineers has been authorized to develop sediment transport models for Great Lakes 
tributaries under Section 516¢ of the Water Resources Development Act of 1996. The purpose of the models is to 
better define and manage the influence of land use practices and sediment loading to Federal Navigation Channels 
and Areas of Concern. This paper presents an overview of the development, application and testing of sediment 
transport modeling systems for the Nemadji River watershed that flows in Lake Superior, the Menomonee River 
watershed that flows into Lake Michigan in Milwaukee and the Saginaw River watershed flowing into Lake Huron. 


NEMADJI RIVER WATERSHED 


of the Watershed: The Nemadji River comprises a 433 square mile watershed. The river flows to 
Superior Bay at Superior, Wisconsin. The watershed covers three counties (Carleton, Pine and Douglas) in the states 
of Minnesota and Wisconsin. The region is comprised of roughly 69% forested areas, 18% cropland and pastures, 
and 11% wetlanc’s and lakes. Roughly one third of the Nemady: River Basin is comprised of glacial till, and glacial 
lake-laid clay soils commonly known as Red Clay. This Red Clay is considered to be highly erodible, and is prone 
to extensive mass wasting and bank slurping. Due to high turbidity and sediment loads, an estimated 33,000 tonnes 
of Nemadji River sediments ave dredged annuaily by US Army Corps of Engineers (USACE) Detroit District. A 
much higher sediment load flows into and is deposited in Lake Superior. Comprehensive investigations completed 
for the Nemadyi River Basin Project determined that 98% of the sediment yield from the Nemad): Basin is derived 
from the erosion of the valley walls (NRCS, US FS, 1998). In addition, the sediment delivery ratio (SDR) was found 
to be almost 98% ~ indicating that almost all of the sediment that is eroded along the Nemadji Basin tributaries is 
transported to the mouth of the river. Forestry and timber harvesting practices may have had an impact upon this 
erosion. The turbidity in the river and dredging in the mouth have an impact on fishing and other recreational uses 
A tool to assess the implication of land use planning and the merits of remedial measures 1s required 
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Description of the Model System: The modeling system consists of GIS-database components, a hydrologic 
model, a nver hydrodynamic model and a sedimeni transport model as shown im Figure |. ArcView GIS is used to 
create geographic dzta, analyze the data, znd prepare the data for input to the hydrologic model and the 
hydrodynamic model. The hydrologic model generates time-sernes runoff for mput to the river hydrodynamic model 
The hydrodynamic model provided 
the hydrodynamic parumeters such 
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customized sediment and runofl volumes and velocities 


transport 
model was developed because the 


DHI MIKE sediment transport Figure 1. Nemadji Sediment Transport Model System 
module cannot account for the 
riverbed and bank erosion m 
consolidated glacial sediment, the 
source of almost all the sediment yneld 





Calibration and Verification of the Model: Precipitation, discharge, and stage (water level) data are needed for 
model calibration and verification. The principal input to the model for calibrations and test is hourly precipitation 
data USGS stream gage data was used to test the rainfall, runoff and hydrodynamic components of the mode! 
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The Rainfall/Runoff model 
calibrations are carried out to verify 
the aggregated Curve Number 
(CN) calculated in the GIS 
component and the estimated lag 
tume. The CN value is a main 
parameter influencing the excess 
rainfall which should be equal to 
total runoff in a single storm event 
The lag time is another key 
parameter that distributes the : eo 6a ta 60 00 60 “ae 6o 00 
excess rainfall m time and 

influences the duration of the Figure 2. Verification of the Rainfall/Runoff Component 
runoff period Both parameters 

are adjusted according to calibration results 





The purpose of hydrodynamic model calibration is to check whether the model parameters such as bottom friction 
are correct. Bottom friction controls the flow velocity and water level. Since there is no velocity data available, 
calibration 1s performed by comparison to measured water levels An example of a verification test 1s presented in 
Figure 2. This figure shows a comparison of modeled water level and discharge with the observed levels at the gage 
The calculated results match well with the recorded data. The system has been applied to the Deer Creek and Skunk 
Creek subwatersheds 


The bed and bank erosion component of the model links bed shear stresses predicted with the hydrodynamic model 
to erosion through relationships developed from physical model erodibility tests. The critical shear stress and the 
coefficient relating the rate of erosion to shear stress are further refined through comparison to sediment load data 
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for a period where precipitation and water level gage data »re available. Once eroded, entrained clay, silt and sand 
are then transported using the sediment transport component of the model. 


of the Open lands are defined as meadow, pasture or 0-15 year old timber growth. 
An open land coverage of 65% was identified as a critical value by Verry et al, (1983). The open lands in the Deer 
Creek subwatershed currently cover about 36% of the total watershed. To investigate the effect of altering this value 
to a critical level on the hydrodynamics and sediment transport, some of the forest lands of the Deer Creek 
subwatershed are changed into “open lands” resulting in the 65% open land for this subwatershed. 


Curve Numbers are updated using the customized GIS functionality to reflect this change and input into the 
MIKE11 model and the sediment transport model calculates total sediment load. The scenario of 65% open land 
area increases the peak discharge by 6% and the total runoff by 9%. However the peak sediment concentration 
(mg/l) is increased only by about 2.3% while total sediment load (in tonnes) increases by 6.5%. These results are 
considered preliminary until there 1s more sediment load data to test the system. 





: It was a great benefit to rely on an earlier study that defined the key sources of sediment. This 
provided focus for the selection and implementation of model components, in this case to specifically simulate bed 
and bank erosion. While almost all rivers have some sediment load measurements, few will have sufficient existing 
information to both calibrate and verify a model. There are no available and widely used models for predicting bed 
and bank erosion in heavily consolidated clay sediments such as glacial till and glaciolacustrine clay (a customized 
approach was developed for this project). Based on feedback from training workshops held with local community 
representatives, ArcView GIS proved to be an excellent framework for the system due to the familiarity with the 
interface and functionality. 


MENOMONEE RIVER WATERSHED 


Description of the Watershed: The Menomonee river watershed in southeastern Wisconsin has a drainage area of 
about 141 square miles. The watershed lies in four counties, namely Milwaukee, Waukesha, Washington, and 
Ozaukee. About 70% of the watershed had been urbanized as of 1995. The undeveloped area lies largely in the 
headwaters in Washington and Ozaukee Counties. The Menomonee River enters the Milwaukee River in the inner 
harbor of Milwaukee about | mile upstream from Lake Michigan. The Menomonee River has been suspected of 
contributing a significam amount of sediment to the Milwaukee harbor. Because the upper portion of the 
Menomonee River watershed is predominately agricultural land, undergoing active development, increased sediment 
loading from bed and bank erosion construction sites and urban areas 1s of concern. 


Description of the Model System: The selected hydrologic model for this system was the USEPA Hydrologic 
Simulation Program Fortran (HSPF). Since HSPF had already been setup for the } jenomonee watershed, it was a 
logical choice. HSPF allows for the simulation of flows, sediment yield from terrestrial areas and sediment transport 
in channels. Because the HEC-6 model is being used for detailed channel sediment transport, HSPF was used only 
for flow data to input into HEC-6 and to obtain information about sediment yield from the land. Another reason 
HSPF was chosen is that it allows for a continuous long-term simulation. 








HEC-6 was chosen to satusfy the hydraulic and sediment transport components of the system for several reasons. 
First, st 1s the only comprehensive non-proprietary sediment transport model available. Also, HECRAS river cross- 
section data were already available, which, through a conversion process, could be used as HEC-6 mput. Finally, 
HECRAS has been adopted by Milwaukee Metropolitan Sewerage District (MMSD) for management of water 
resources on the Menomonee River. The USACE WRDA96 Section $16¢ program for the development of sediment 
transport models for Great Lakes tributaries has an interest in making these models available to local users such as 
MMSD to better manage sediment yield, delivery and sedimentation issues. 


Since the main goal of this project was to produce a system to determine how land use changes (and other 
anthropogenic factors) affect sediment transport to the Milwaukee harbor, GIS data layers needed to be incorporated 
into the system. This was done through the use of ArcView, a powerful GIS tool with excellent integration, mapping 
and visualization capabilities. Since tabular GIS information is directly linked to the map layers in ArcView, once a 
land use 1s changed on the map, it ts reflected on the table, which 1s then exported to Excel for further manipulation 
A USGS program called GenScn - “A Tool for the Generation and Analysis of Model Simulation Scenarios for 
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Watersheds” was chosen as an input generation and output presentation tool. GenScn has HSPF incorporated into it 
and allows the user to create several different HSPF “scenarios” which are saved within one project. Because the 
overall system requires several models, linkages have been established between some of the models and data layers 
(GIS, HSPF, HEC-6). These linkages improve the efficiency of applying the system, while at the same time, 
contributing to a user-friendly interface. Changes in land use directly affect the amount of sediment yield from the 
land simulated within HSPF, therefore a link was established between the ArcView GIS data layers and the HSPF 
input files. By changing a land use on the land use map im ArcView, the corresponding tabular data 1s also changed. 
This tabular data is then read into Excel where it is broken down into land use/soil groups and sub-basins for HSPF. 
The next step is to enter this data into the HSPF input file. To properly model the Menomonee River system with 
HEC-6, local inflows from tributaries and other sources had to be output from HSPF and mput into HEC-6 
Simulated flow data from HSPF were output im tire series format and read into a program called Data Analyzer, 

by Baird & Associates. This program converts the HSPF time series data into the form needed for the 
HEC-6 input file. 


Calibration and Verification of the Model: Calibration and umplementation of the hydrologic model component 
was completed earlier by MMSD. The hydrodynamic model component involves a combination of HSPF and HEC- 
6. HSPF provides inflows (from tributaries, etc.) that are supplied to the HEC-6 model input. Alone, HSPF is not 
ideal for detailed hydraulic modeling because of its limitation s regarding cross-section spacing. The HEC-6 model 's 
more representative and accurate as it allows for more detailed cross-section data to be supplied along the 
rivers/tributaries. 





The sediment transport model component was the HEC-6 program. Modifications to the source code were made by 
Baird & Associates in order to accommodate the large Menomonee River watershed network model (~1200 cross- 
sections). Sediment data from the USGS for 1975-1977 were used for the initial setup of the model. In order to 
perform satisfactory calibration and verification tests, more recent sediment data will need to be obtained, or the 
1975 land use data must be obtained and used in the HSPF model to generate flows and sediment transport for 
comparison to sediment load data from the 1970's. 


Example Application of the System: The HSPF model was run in the continuous mode at |5-rnin time steps for 
the period 1940-1997 simulating flows and sediment being washed off the land. The flow outputs from this HSPF 
model run were input into the HEC-6 model, which was then run for the same period of time. In addition to plotting 
the HEC-6 output in : 











GenScn, a program , Figure 3. 
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Key Findings: A watershed-based sediment transport 
modeling system is a valuable tool for the design of river 
and stream restoration projects, in addition to a tool to 
managing sediment yield. load and sedimentation. Once 
again, the available sediment load data was insufficient to 
doth calibrate and verify the model system. Urbanization on 
this watershed has resulted in flashier flows (higher peak 
discharges and velocities), increasing bank erosion. This 
same process must be considered for future impacts to 
restoration projects that have recently been or will soon be, 
implemented 


SAGINAW RIVER WATERSHED 


Description of the Watershed: The Saginaw Bay 
Watershed (8,600 square miles) is the largest in Michigan. 
Twenty-eight major rivers, creeks, or agricultural drains 
flow directly into Saginaw Bay, but about 75% of the flow 
to the Bay comes from the Saginaw River. The Saginaw 
River watershed (6,060 square miles) is generally a large, 
flat area consisting of agricultural and forested lands with 
an extensive network of rivers, streams and agricultural 
drains. The Saginaw River is 22 miles long and most of its 
flow originates from four major tributaries. The entire 
watershed is divided into five swbh-watersheds by the 
Saginaw River and its tributaries, including the Cass 
subwatershed, the Flint subwatershed, the Shiawassee 
subwatershed, the Tittabawassee subwatershed and the 
Saginaw River subwatershed (see Figure 4). The developed 


prediction system has only been applied to the Cass 
subwatershed. Between 1992 and 1997 the Corps has 
dredged 275,000 cubic yards on average each year at an 
average annual cost of $1.1M 


Description of the Model System: The overall model 
system for the Saginaw River is described in Figure 5. The 
data required to set up the system are geographic data, 
weather records, and hydrological records. The geographic 
data includes topographic data defining tributary areas and 
watershed slopes, soil data presenting soil type and erodibility 
factor, land use data describing vegetation coverage and 
fertilization level, stream network, and river bathymetry 
These are generally spatial data such that the data can be well 
presented by GIS. ArcView GIS was implemented to manage 


and to spatially present pertinent data. This package can 
eventually form the foundation for an extremely user-friendly 


platform for interacting with all aspects of the modeling 
components, while greatly enhancing the value and use of the 
data. Base maps showing roads, streams and watershed 
divides provide a spatial context for reviewing the data 


Weather data mcluding precipitation, temperature, and wind 
data are needed to set up the hydrological mode! and the 
watershed sediment production model. Hydrological data 
including stage, discharge and sediment loading in streams 





Figure 4. Saginaw River Watershed and its 
Subwatersheds 
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Figure 5. Saginaw River Watershed System 
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and nvers are used for the calibravon of the hydrological and sediment producnon models and are also used wm the 
hydrodynarmuc and sediment transport modeling im rivers. These data are generally stored m Excel format or ASCII 
format. 


The US Army Corps of Engineer's HEC-HMS model was selected for hydrolog:c modeling. Once the most recent 
version of AGNPS 1s implemented, the HEC-HMS system will not be essential. 


Sediment yield is predicted with an earlier version of the Agricultural Non-Point-Source Model (AGNPS v5.0), 2 
computer simulation model that predicts runoff volume and peak runoff rate, eroded and delivered sediment, and 
pollutants for single storm events. This event specific version of AGNPS was previously set up on the Cass River 
subwatershed by Michigan State University. The watershed may be broken up into cells, so runoff, sedumentation, 
erosion, or nutrient loading may be evaluated for cach cell or at the outlet for the entre watershed. Therefore, areas 
or cells of erosion or deposition may be identified in the watershed. The input for each cell consists of 22 parameters 
sediment eroded requires the use of the Universal Soil Loss Equation (USLE), Revised USLE, or Modified USLE. 


The earlier version of AGNPS does not estimate the distribution of the sediment load with tame, but only the total 
sediment load produced for cach storm event. MIKE!! and HEC-6 require, as imput, the sediment load or 
concentration at each time step Therefore, a relationship between sediment load and discharge was developed to 
estimate how sediment load varies during and after the storm event. The latest version. AnnAGNPS (part of the 
AGNPS98 package), allows for full time senes representation. 


Sediment eroded from a watershed eventually transports and deposits in strearns, nvers and bays The hydrodynamic 
and sediment transport models simulate and predict flows and sediment loading in nvers and are key components in 
the model system. Both hydrodynamuc and hydraulic models of the Saginaw River were developed to sumulate stag- 
and discharge. The model area extends from Saginaw Bay to the four primary tributaries - the Cass, Flint, 
Shiawassee and Tittabawassee Rivers (see Figure 4) This investigation included a comparison of a hydraulc mode! 
(HEC-6) to a hydrodynamic model (Danish Hydraulic Institute MIKE11). The hydrodynamic MIKE!1 was selected 
in favor of the USGS BRANCHID and USACE UNET 1D hydrodynamic models because of the more efficient 
interfaces and higher quality visualization. The initial phase of setting up a sediment transport model for the 

Watershed consisted of developing a sediment transport model of the Saginaw River linking the effects of 
the Cass River Watershed to the Saginaw River to predict the impact of “e changes in the Cass River 
watershed on sediment loading 


There are several models available to simulate sediment transport in river systems. Based on a review of the 
alternatives it was decided to use both MIKE |! and HEC-6 in predicting both event specific and annual wmpacts of 
sediment transport on the Saginaw River. HEC-6 is a 1D variable steady hydraulic model, in which hydraulic 
calculations are treated as steady state for cach flow, while MIKE 11 is a 1D unsteady model. To demonstrate the 
difference of the sediment transport induced by using the variable steady hydraulic model and the unsteady 
hydrodynaruc model, both MIKE 11 and HEC-6 are used to predict annual impacts of sediment transport on the 
Saginaw River. Key inputs to the sediment transport model at the upstream boundary condition consisted of 
sediment load (derived from AGNPS and/or sediment load-discharge rating curves), grain size distribution of 
sediment being transported as a function of discharge, river bed sediment composition and critical shear stress for 
erosion and deposition. In all cases, information was not available to the extent required to develop a fully 
quantitative model. The sediment transport modules of HEC-6 and MIKE 11 are discussed in the next section 


Calibration and Verification of the Model: Extensive stage and discharge dats = 4s not found to be available for 
model calibranon and validation In order to completely satisfy the requirements of a calibration study, a flow ‘stage 


data collection program must be umplemented 


The dredging records in the Saginaw River are the only available information located or found for calibration of the 
sedimentation simulations. The total dredging averaged over || years from 1982 to 1993 is assumed to be equal to 
the annual deposition rate. This assumption implies that over the full length of the river there is no net crosion or 
deposition im the long-term. It is difficult to assess the validity of this assumption without additional data. The 
assumption also implies that most of the deposition occurs only im the dredged channc! and not adjacent parts of the 
river bed. The calibration period is the calendar year of 1991 because the hydrological data at the Saginaw and 
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Essexville gages are relatively complete in that year and the flow conditions were representative of average for the 
period 1982-1993. Under the same boundary conditions, sediment deposition in the Saginaw River is carried out 
using both the HEC-6 and MIKE 11 models. 


The “calibration” of the HEC-6 model consisted of selecting the sediment transport prediction that provided the best 
estimate of sedimentation derived from the dredging data. In the HEC-6 model, there are two methods for the 
calculation of clay and silt deposition rates: Method | - Krone (1962); and Method 2 - Computes deposition rate 
using Krone (1962) and crosion rate using Ariathurai (1976). The annual sediment deposition rates computed by 
these two methods was compared to the annual average dredging rate (using Meyer-Peter & Muller's equation for 
sand transport). The accumulated sediment deposition from the Mouth to River Mile 18, for which the dredging 
records are available to be compared, are calculated and listed in Table | below. It is seen that using Method 2 for 
clay and silt transport predicts less sediment deposition than Method |. There are eleven (11) methods available to 
estimate sand transport in the HEC-6 model. We have selected several empirical equations as listed in the table to 
determune which method best predicts the sediment transport in the Saginaw River. From the table, it can be seen 
that the combination method of Toffaleti and Meyer-Peter & Muller (hereafter referred to as the “Combination 
method”) produces relatively accurate results compared with the annual dredging volume, but still results in a 33% 
underprediction. Regardless of the equation, the HEC-6 model underpredicts the deposition at both the mouth of the 
Saginaw River and im the middie reach from the river. In contrast, the MIKE 11 predictions (which rely on the 


approach of van Rin, 1984) over predict the deposition by a factor of two. 


The annual sediment load carried into the Saginaw Bay (see Table 1) varies depending on method used for 
estimating the sediment transport rate. The amount deposited in the river is relatively smal) compared to the total 
load passing through the river into the bay. In the model estimates, the predicted deposition rate will be very 
sensitive to the assumed grain size composition for the sediment load at the upstream boundary condition. Improved 
estimates of incoming grain size Composition at the upstream boundary of the model may result in better estimates 
of total deposition for HEC-6. Clearly in order to select the most appropriate model it is also essential to quantify the 
outgoing transport into Saginaw Bay. A study is just being completed with a 2D hydrodynamic and advection- 
dispersion model in addition to an evaluation of deposition and dredging rates to assess the amount of sediment 
transported into the bay. 

































































Table 1. Results of Sediment Transport for the Navigable Section of the Saginaw River 
= : Tor Sand Deposition [Relative f ° 
T cu-yds) jError(%) |(cu-yds) |(cu-yds) 
aleti (1966) 37,464—is«*-4B SB 47,455 1189.99] 
ang (1973) [67,138  |-40.2 47,455 |i80317) 
Peter & Muller/$3,033 = [-52.7 47,455 [194,442 
HEC-6 \(Krone, 1962) co) 
\ |Combination 74,338 33.7 247.455 |i73,117 
(1985) $2,191 -53.5 47,455 1195,264 
\Copeland (1990) $5,643 1-504 47,455 191,812 
Method 2 Madden (1985) 473%) 1-780 47,455 [222,719 
Krone (1962) and eyer-Peter_ & Muller|27,07) _|-75.9 a7 455 1320,382 
Ariathurai (1976) (1948) 
= ii 214,552 191.2 47,455 132,903 
Annual Dredging Volume Averaged Over 11 years 112,195 j++ a “++ 




















*Note: Transported into Saginaw Bay, Lake Huron 
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Example Application of the System. 

To demonstrate the difference between the unsteady model, MIKE 11, and the variable steady model, HEC-6, the 
sediment deposition rates along the river computed by both models are compared with the average annual dredging 
rate and shown in Figure 6. River Mile 0 coincides with the river mouth at the downstream end of the model 
domain. The HEC-6 result shown in Figure 10 is computed using Method | for clay and silt transport and the 
Combination equation for sand transport. The HEC-6 model underpredicts the sediment deposition in the 
downstream section of the river near the mouth. This may be induced by the steady hydraulic calculating scheme, 
which may not account for the flow speed reduction at the mouth resulting in increased deposition. In contrast, the 
hydrodynamic model, MIKE 11, reproduces the physical process of sediment deposition near river mouth 
reasonably well. 
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Figure 6. Comparison of deposition rates computed by HEC-6 and MIKE 11 to the 
dredging rate 


Key Findings; Using the same upstream sediment load boundary conditivn estimated with a sediment rating 
relationship, the predicted annual sedimentation in the navigable section of this river was in the range of 50,000 to 
200,000 cubic yards per year compared to the estimate based on annualized dredging quantities of 100,000 cy/year. 
The only difference in total deposition was the amount of sediment transported beyond the river mouth into the bay. 
There were significant differences between the hydraulic or steady state model (HEC-6) and the hydrodynamic 
model (MIKE11) in where the sedimentation occurred in the river with the hydrodynamic model providing a 
somewhat better comparison to the sedimentation pattern near the river mouth inferred from the dredging quantities. 
AGNPS appears to be the best available model to estimate sediment load from agricultural land. However, the 
AGNPS98 package with AnnAGNPS providing continuous simulation of hydrologic and sediment transport 
processes is much more versatile and useful. The AGNPS v5.0 model used in this study must be updated to 
AnnAGNPS. 
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A GIS ADAPTATION OF PSIAC FOR PREDICTING SEDIMENT-YIELD RATES 


Kathleen Woida, Geologist, USDA-NRCS, Des Moines, 1A; Kathryne B. Clark, Dept. of 
Geography, University of New Mexico, Albuquerque, NM 





INTRODUCTION 


Since the 1970's, the Natural Resources Conservation Service (NRCS) in New Mexico, Utah, 
Arizona, and Nevada has used the Pacific Southwest Inter-Agency Committee (PSIAC) method 
for predicting watershed sediment-yield rates. These rates are important in the design of flood- 
retarding and erosion-control dams as well as conservation management practices that reduce 
sediment loading to streams. The PSIAC (1968) method considers nine factors in determining 
the sediment-yield rate for a drainage area. These are surface geology, soils, climate, runoff, 
topography, ground cover, land use, upland erosion, and channel erosion and sediment transport. 
Although originally recommended for areas of 10 mi’ miles or greater, Shown (1970) indicated 
good results when applied to basins between 0.02 and 7.5 mi°. Early studies (Shown, 1970; 
Renard, 1980; Johnson and Gebhardt, 1982) showed the average difference between PSIAC 
predicted rates and measured rates—from reservoir sedimentation surveys—to range between 
15% and 45% in the southwest U.S. In New Mexico, the average difference was 27% for ten 
flood-retarding reservoirs surveyed in the 1990’s (NRCS, unpublished data). 


The accuracy of the sediment-yield rates predicted by PSIAC depends in large part on the 
sampling intensity, that is, the number of ratings conducted for a given watershed and how well 
they represent the watershed’s variability. The more comprehensive and systematic the sampling 
technique, presumably, the more accurate the results. This premise suggested the usefulness of 
a geographic information system (GIS), which over the past decade has proven to be an effective 
tool for the analysis of large numbers of spatially diverse watershed parameters. In this study, 
we developed a GIS application to analyze the nine PSIAC wate:shed factors in two small 
controlled watersheds having moderate and high spatial variability. We then compared the 
results to PSIAC rates obtained in the conventional manner, and to measured sedimentation rates 
arquired from reservoir surveys and adjusted for trap efficiency. The results tentatively suggest 
improved accuracy and provide a spatially refined visual map of watershed sensitivity. 


STUDY AREAS—LOCATION AND DESCRIPTION 


Santa Cruz Site 3A: This 2.2 mi’ watershed, on BLM land, is situated about a mile north of 
the village of Chimayo in mountainous north-central New Mexico. When flowing, its two major 
arroyos discharge into the Santa Cruz River, a tributary to the Rio Grande. The watershed is 
extremely variable, consisting of sloping mesa in its upper section, dramatic badlands in its 
middle section, and gently sloping valley floor in the bottom. Average watershed gradient is 8%. 
Ground cover varies from bare mudstone and volcanic tuff, to sparse range vegetation, to locally 
thick grass cover. The NRCS flood-control dam at this site has been in operation since 1972. 





Hatch Valley Site 3: This is a 3.3 mi’ watershed on BLM land that drains into the Rio Grande 
near the town of Hatch, in south-central New Mexico. The watershed heads in the foothills of 
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the Caballo Mountains. It has an average gradient of 3.5% and shows less variability in ground 
cover, upland erosion, and land use than the Santa Cruz site. Most of the watershed is underlain 
by Tertiary alluvial fan deposits varying from weakly cemented sandstone and conglomerate to 
mudstone. The NRCS dam at the site has been in operation since 1958. 


METHODS 


Conventional PSIAC Procedure: Using the conventional procedure followed by NRCS in 
New Mexico, we subdivided each watershed into general areas characterized by obvious 
diff-rences in erosion and sediment-yield potential. The Santa Cruz watershed was subdivided 
into three major land areas based on topography and soil type. The Hatch watershed was 
subdivided into three sections based on land use and management. In the field, we rated the nine 
factors of the PSIAC (1968) formula at four or five representative locations in each watershed 
section. We then calculated average point totals for the watershed sections and a weighted 
average point total for each watershed. The latter were converted to average sediment-yield rates. 





Data for the GIS Model: We constructed a GIS map layer for each of the first two PSIAC 
factors—geology and soils—from digital data and digitized paper maps of the two watersheds. 
PSIAC point values for each geologic or soil map unit were assigned on the basis of field 
observations. Because of the small basin size, we assigned each watershed a single value for the 
climate factor, the same value that was assigned in the conventional rating procedure described 
above. For the topography layer, we used 1:24,000 scale USGS 30-meter resolution digital 
elevation models (DEMs), which then provided a base for data analysis of all layers at a 30- 
meter resolution. Point values for slope categories were assigned directly from the conventional 
PSIAC field form, Chart E. For the factors ground cover, land use, upland erosion, and channel 
erosion and sediment transport, we began by delineating map areas from 1:6,000 scale 1993 
color-infrared aerial photographs. PSIAC point values for the map units were then assigned on 
the basis of field observations and NRCS field office information. To ensure consistency of 
data, all field delineations and point-value determinations were made by the same person that 
had done the conventional rating. The Santa Cruz site required one day and the Hatch site one 
and a half days of field work. 





For the runoff layer, we constructed a specific algorhythm that generated a single average runoff 
value for each 30-meter pixel on the basis of NRCS soils hydrologic-group data, the ground 


cover layer, and the topography (slope category) layer. 


The GIS Model: The GIS coverages were created using ESRI Arc/Info and its modules 
Arc/Grid and ArcTables. Models were developed to correct aberrant DEM values, mosaic and 
subset DEMs, and classify imagery with Erdas Imagine 3.1. Vector coverages were first 
digitized and then translated into raster files based on values assigned within the vector 
coverages. Both study areas were run through a percent slope model to create topography layers. 
These layers were then classified into the traditional PSIAC topographic ranges. The layer for 
runoff values was compiled using a sub-model incorporating soil permeability, ground cover, 
and slope values. The climate factor was added in arithmetically since this value was the same 
for the entire watershed. The values for all the PSIAC factors were totaled for each 30-meter 
pixel unit, which created a separate rating for each 30-meter square area of the watershed. The 
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ratings were then added together, and divided by the total number of pixels. This average point 
value was converted to a sediment-yield rate using the conventional PSIAC (1968) chart. 


RESULTS AND DISCUSSION 





Santa Cruz Site 3A: The conventional rating method produced an average sediment-yield rate 
of 1.82 acre-feet per square mile per year (ac-ft/mi’/yr) for the Santa Cruz watershed. This is a 
weighted average of separate rates for the upper, middle, and lower portions of the watershed of 
0.86, 2.91, and 0.54 ac-ft/mi’/yr respectively. 





The GIS adaptation yielded a considerably lower average sediment-yield rate of 1.18 ac-ft/mi’/yr 
for the watershed. A look at the average value of each PSIAC factor for the two methods (Table 
1) suggests which factors were most affected by the application of a GIS—namely topography 
and channel erosion/sediment transport, each of which showed a drop of three points in the 
average point value. A comparison of the range of values for each factor (Table 1) demonstrates 
the ability of the GIS method to better capture the spatial variability of the watershed. This is 
best illustrated here by the ground cover factor (Figure 1), which goes from a 6-point range (3 to 
8) to an i8-point (-7 to 10) range. 


Table 1. Values of PSIAC Factors for Conventionzi and GIS Methods (higher values 
indicate greater potential for sediment yield). 





























Santa Cruz Site 3A Hatch Valley Site 3 
Average Range Average Range 

PSIAC Factor Conv. GIS | Conv. GIS |Conv. GIS | Conv. GIS 

Geology 5 5 30 5 3 to 5 4 4 4to5 2to 5 
Soils 6 6 4to7 4to7 5 5 4to8 4to8 
[Climate 6 6 6 6 6 6 6 6 
Runoff 6 § 3t0 8 309 4 4 305 1 to 8 
Topography 13 10 | 2t020 0t020 9 S$ | 115 0t020 
Ground Cover 6 6 3w8 -7t0 10 -1 3 | -5t10 -9t010 
Land Use 3 2 -lto8 -3t0 10 2 2 2to 5 -2to 5 
Upland Erosion 16 17 | 8t022 6t025 12 10 | 9t19 0019 
[Channel Erosion 18 15 12 to 24 7 to 25 | 11 9 9to ll 0to 13 





Figure 2 shows sediment-yield rates across the watershed grouped into five standard categories: 
Low (< 0.2 ac-ft/mi’/yr), moderate (0.2-0.5), moderately high (0.5-1.0), high (1.0-3.0), and very 
high (>3.0). A comparison of Figure 2 to Figure 3, which maps the conventionally derived rates, 
illustrates the obvious spatial refinement o; the GIS adaptation of PSIAC. 


Hatch Valley Site 3: The conventional rating method yielded an average sediment-yield rate of 
0.57 ac-fi/mi*/yr for the Hatch Valley watershed. This is a weighted average of separate rates for 
the upper, middle and lower portions of the watershed of 0.52, 0.54 and 0.82 ac-ft/mi’/yr 


respectively. 
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The GIS model calculated a lower average sediment-yield rate of 0.39. The topography factor 
was impacted the most by application of a GIS, with a drop in the average point value from 9 to 
5. The ranges of values for runoff (Figure 4), channel erosion/sediment transport (Figure 5), and 
upland erosion showed the greatesi relative increase in variability (Table 1). Figure 6 shows the 
standard sediment-yield categories for the Hatch Valley watershed. 


Comparison with Reservoir Survey Data: NRCS engineering personne! conducted |-foot 
contour surveys of reservoirs at the two sites in 1998-99. Total storage capac’'y loss at Santa 
Cruz Site 3A over the period of operation was determined to be 80 acre-feet. After adjustment 
for trap efficiency of the structure, this translated to an average watershed sediment-yield rate of 
1.37 ac-ft/mi’/yr. At Hatch Valley Site 3, storage loss over the period of operation was 57.6 
acre-feet, for an average sediment-yield rate of 0.44 ac-f/mi*/yr (NRCS, 1999a and 1999b). 





In both watersheds, the GIS model results were closer to the sediment survey results than were 
those of the conventional method (Table 2). In both cases, the GIS model underestimated and 
the conventional method overestimated the rates. Conventional results in previous studies have 
not shown a consistent trend toward overestimation or underestimation. At least in the case of 
the Santa Cruz site, the high numbers of the conventional method may be partialiy explained by 
the generalization of the topography factor in the middle section of the watershed. Here the 
badland topography, with its many near-vertical slopes, was given an average point value of 20. 
This is the highest value possible for this factor and represents average slopes of 30% or steeper. 
On the other hand, the topography layer in the GIS adaptation, with its 30-meter resolution, was 
able to account for the many small areas in the badlands having low slopes, such as bottoms of 
channels and tops of buttes. 


The lower-than-measured rates calculated by the GIS model may be a product of temporal 
variations in sediment-yield rates throughout the period of record. In the case of the Santa Cruz 
site, current rates appear to be much lower than at certain intervals during the past. Earlier 
surveys at three other Santa Cruz sites within a two-mile radius of Site 3A indicated much higher 
rates during the period 1966 to 1971, ranging from 4.1 to an astonishing 12.1 ac-fmi’/yr. The 
PSIAC procedure is designed to predict the average long-term sediment-yield potential of a 
watershed, whereas the survey measured a relatively short period of time (27 years) that included 
a critical interval with much higher than average rates. 


Table 2. Comparison of GIS and Conventional PSIAC Results to Survey Results. 














Santa Cruz Site 3A Hatch Valley Site 3 
Method Sediment Yield Difference iment Yield Difference | 
(ac-fUmi’/yr) (%) (ac-fUmi’/yr)  — (%) 
Reservoir Survey 1.37 0.44 
Conventional PSIAC 1.82 +37 0.57 + 
GIS Adaptation 1.18 -14 0.39 “i 
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CONCLUSIONS 


The study has shown that it is possible to build a geographic information system that mimics the 
PSIAC procedure at 2 much more detailed level. For these two small New Mexico watersheds, 
the GIS adaptation yielded more accurate sediment yield-rates than did the conventional 
approach, with differences of 11% and 14% respectively, compared to 30% and 37% for the 
conventional method. However, more sites would need to be compared to test this hypothesis of 
improved accuracy. 





The time required to produce the GIS version—-roughly 1-2 days of field work and two weeks of 
office/computer time—is considerably greater than that required by the conventional method. 
However, in addition to potentially improving accuracy, the GIS model offers much more 
detailed information about a watershed’s susceptibility to erosion and sediment yield. Although 
a more detailed picture could be obtained conventionally simply by performing more ratings in 
the watershed, only about 150 ratings per watershed could be completed in the same amount of 
time as the entire GIS procedure required. This compares to roughly 6,000 and 11,000 rating 
calculations provided by the GIS model for the Santa Cruz and Hatch sites respectively. The GIS 
model provides a detailed view of each factor, as well as sediment-yield potential, over the entire 
watershed. The runoff and the topography factors in particular are greatly enhanced through the 
spatial resolution of the DEMs and the great computational ability of the GIS. This spatial 
refinement would make it possible to rapidly identify causes, type, and magnitude of land 
sensitivity at specific locations in a watershed slated for change or development, such as an 
urban fringe watershed. Values for the ground cover and land use factors can also be easily 
changed in the GIS model to project the impact of planned development or land treatment 
practices, or to reflect actual watershed improvements as they evolve. 
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Figure 1. GIS map units for the ground cover factor, Santa Cruz 
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Figure 2 General sediment yield rates obtained with the GIS 
model, Santa Cruz watershed 
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INTRODUCTION 


Fire 1s a natural component of the Intermountain sagebrush-steppe ecosystem (Wnght and Bailey 1982) 
with a return period of 25 to 100 years, depending on community type and natural fuel load and 
distribution. However, fuel and land management activities in the past century have placed wildland 
values such as soil and water quality at greater risk from wildfire. Increased soil erosion over natural 
levels following wildfire can lead to loss of soil productivity. Additionally, higher runoff rates from 
severely burned landscapes can lead to flooding, sedimentation, and increased risk to human life and 
property. This increased msk of runoff and erosion following wildfire continues to generate concern at the 
expanding urban-wildland interface throughout the western United States. 


While the hydrological consequences of fire have been widely examined in forest ecosystems, few studies 
have examined wildfire impact on rangeland hydrology and erosion. Most of these studies have shown an 
increase in runoff and erosion rates the first year following fire, with recovery to pre-fire rates generally 
within five years (Wnght and Bailey 1982). Timing and extent of recovery is highly dependent on slope 
and vegetation type (Branson et al. 1981, Knight et al. 1983, Wright et al. 1982, Wilcox et al. 1988). 
Many rangeland plant communities have naturally occurring hydrophobicity (DeBano and Rice 1973), 
but litter and vegetative cover protect the soil and enhance infiltration. Fire removes this protective 
covering, exposing the soil to erosion by raindrop impact and overland flow. Fire can also vaporize some 
of the organic compounds on the soil surface and distill the rest downwards, creating concentrated 
hydrophobic layers within the upper soil. Degree and longevity of hydrophobicity 1s dependent on 
compounds present and intensity and duration of fire (Wright and Bailey 1982). Fire can also reduce the 
organic matter content in the upper layers, thus reducing infiltration. 


Major unknowns associated with rangeland wildfire are effects on vegetation and soil conditions affecting 
hydrologic processes, including infiltration, surface runoff, erosion, sediment production and transport, 
flooding, and the effectiveness of mitigation practices. The USDA-ARS Northwest Watershed Research 
Center (NWRC) has been investigating the impact of fire on rangeland hydrology and erosion in the 
mountains above Boise, Idaho (Boise Front) and in the Pine Forest Range near Denio, Nevada. The 
objective of the NWRC investigations are to quantify fire impacts on infiltration capacity, runoff, and 
erosion following fire, gain insight into the processes involved and determine how long the fire effects 


persist. 
STUDY AREA AND METHODS 


The idaho study site is located on the Boise Front immediately above the city of Boise, Idaho (Eighth 
Street Fire) and the Nevada study site 1s located approximately 50 km south of the town of Denio, Nevada 
(Demo Fire). Both sites have vegetation consisting of bitterbrush (Purshia tridentata) /big sagebrush 
(Artemisia tridentata spp. Wyomingensis) /oluebunch wheatgrass (Pseudoroegneria spicata) - Thurber’s 
needlegrass (Stipa thuberiana) communities on south aspects, and big sagebrush/Idaho fescue (Festuca 
idahoensis) communities on north slopes (Interagency Fire Rehabilitation Team 1996). Some areas are 
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characterized by an increase in three-awn (Aristida spp), Sandberg’s bluegrass (Poa sandbergii), and 
rabbitbrush (Chrysothamnus spp). Soils on both sites were derived from granite and consisted of fine 
gravelly coarse sandy loams, shallow (south slopes) to very deep (north slopes), well drained, on slopes of 
35 to 60%. 


Treatments on the Boise Front included combinations of slope aspect (north and south) and fire intensity 
(moderate, high). Treatments in Denio consisted only of intensely burned, north facing aspects. In both 
studies, burned sites were compared to unburned sites with the same soil type and vegetation as that found 
before fire. Sampling on both burned and unburned sites was stratified based on coppice areas (areas 
strongly influenced by the existence of a shrub) and interspace areas (areas between shrubs primarily 
dominated by grasses and forbs) (Pierson et al. 1994). 


A portable oscillating-arm rainfall simulator with specifications as described by Meyer and Harmon 
(1979) was used to achieve intermittent rainfall similar to naturally occurring rainfall. Simulations were 
run on undisturbed plots, 0.5 m’ in size, without pre-wetting. Soil moisture for all plots was extremely 
low (generally <10%). Rainfall was applied at a rate 67 mm hr' on the Boise Front and 85 mm hr" on 
the Denio sites. Runoff samples were collected at two-minute intervals throughout the 60-minute 
simulation and analyzed for runoff volume and sediment concentration. Infiltration capacity for each two- 
minute interval was calculated as the difference between applied rainfall and measured runoff. Suspended 
sediment samples were weighed, dried at 105°, and re-weighed to determine soil loss. Plot vegetative 
cover for each plant functional group was ocularly estimated, and vegetation within plots was harvested, 
dried and weighed following each simulator run to determine vegetation biomass by functional group for 
each plot. Microtopography was estimated using a point-frame to measure average deviation of the soil 
surface compared to a flat surface. 


RESULTS AND DISCUSSION 


Boise Front, Idaho: Fire had little effect on the initiation of overland flow. Runoff on all plots began 
within 4 minutes after start of rainfall (67 mm hr’, § mm cumulative rainfall) for both burned and 
unburned sites on north and south facing slopes (Figure 1). All sites also reached their peak runoff rates 
from 8 to 12 minutes following the start of rainfall (Figure 1). Very dry soils, waxy substances on the soil 
surface, or fire can create a temporary hydrophobic soil condition (Robichaud 2000, De Bano et al. 1967), 
such that during the first minutes (or longer) of rainfall, water beads on the soil surface and quickly runs 
off the plot. The water repellency can deteriorate as simulated rainfall continues, resulting in a gradual 
infiltration rate recovery over the duration of the run. This phenomenon was observed for the unburned 
plots on both the north and south slopes, and on the moderate and high intensity burns for the north slope, 
but disappeared within 30 minutes after start of simulated rainfall (Figure 1). For the remainder of the 
rainfall simulation, there was no difference in infiltration rates demonstrated between unburned sites and 
north-facing slopes with either moderate or high intensity fires. 





Fire intensity had the greatest ‘mpact on runoff on the south slopes (Figure |). Intensively burned south- 
facing slopes had the lowest cumulative infiltration (34.2 mm) followed by the moderately burned south 
slopes (46.2 mm), compared to the unburned south slopes (58.0 mm). This represents nearly a two-fold 
increase in runoff produced by the fire. Fire intensity also produced significantly greater erosion from 
south aspects as well (Figure 2). Cumulative erosion was up to 34 times higher on intensively burned 
south slopes compared to unburned conditions or even burned north aspects. This was due to the 
devastating removal of nearly all the vegetative ground cover that protects the soil and much of the soil 
organic matter that helps to bind soil particles together. 


Closer examination of the spatial variability of infiltration and erosion processes following fire was 
accomplished by studying the differing effects of fire on coppices (areas directly under shrubs) and 
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interspace areas (areas between shrubs). While both the coppice and interspace sites on south slopes were 
affected by fire, the fire had the greatest impact on infiltration of coppice areas where terminal infiltration 
rates were reduced 62 % compared to the unburned treatment. Infiltration on north slopes was little 
affected by burning and thus, no significant differences were found between coppice and interspace areas. 
The greatest difference in sediment yield came from intensely burned south-facing interspace sites, where 
severely burned isterspace sediment yield increased immensely over that of even the moderate burn. 
Aspect differences in fire impacts on erosion have also been noted on forests, where south-facing slopes 
yielded six times the sediment as north-facing slopes (Marques and Mora 1992). This difference was 
attributed to the denser vegetative cover and more developed soils found on north-facing slopes. These 
findings are also consistent with observations made following an intense thunderstorm that occurred over 
the study area where the south-facing slopes had the highest concentration of rills and suffered significant 


soil losses. 
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Figure 1. Runoff rate over time for burned (high and moderate fire intensity) and unburned, north and 
south slopes, Eighth Street Fire, Boise Front, Idaho. Means for each time period with a different letter 
are significantly different (P < 0.05). 


Microtopography (R=0.51), clay content (R~ -0.41), litter biomass (R=0.38), shrub canopy cover 
(R=0.35), and litter basal cover (R=0.35) were the variables most correlated with infiltration rate over the 
entire data set. On north slopes. microtopography tended to be greater on interspace (20.1 mm) vs. 
coppice (18.1 mm) sites and was unaffected by fire. Greater interspace microtopographic relief was 
probably associated with the dominance of perennial grasses (bunchgrasses). On south siopes, 
microtopography was reduced by fire, with the greatest reduction on the high intensity interspace site (9.8 
mm) where essentially all vegetation and litter was renioved. Ground cover (primarily litter) on unburned 
north slopes approached 100% for both coppice and interspace, bui litter biomass was 4 times greater on 
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coppice as compared to interspace sites. South slope unburned coppices had greater basal cover and litter 
biomass than the interspace sites. Basa! cover was much reduced on ai! burned slopes (1.8 to 5.0 %), as 
was litter biomass. Virtually none of the litter remained after the fire, and litter biomass had not 
significantly increased one year after burning. 
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Figure 2. Average total sediment yield (kg ha’') for burned (high and moderate fire intensity) and unburned 
coppice and interspace areas on north and south slopes, Eighth Street Fire, Boise Front, Idaho. Means 
across aspect and fire intensity with a different letter are significantly different (P < 0.05). 


Microtopographic relief and vegetation can provide crucial surface storage during the initial non-wettable 
period. Surface storage reduces the amount of runoff by holding water on the plot so that it can eventually 
infiltrate. Rainfall intensity rather than duration is the critical factor in determining hydrologic response 
on steeper slopes where initial storage capacity is limited. The study showed that north slopes experienced 
less runoff even on high intensity burn areas because the microtopography was not significantiy reduced 
despite reduction in litter and cover. This was likely due to the predominance of robust perennial 
bunchgrasses on the site. The south slopes, however, lacked the microtopographic relief to provide initial 
storage, so most of the precipitation quickly ran off. 


Denio, Nevada: All resuits presented for this study are preliminary and do not represent rigorous 
statistical analysis of the data. The study has not yet concluded and final conclusions are not possible. 


All burned and unburned sites showed a rapid runoff response with overland flow beginning within 0-4 
minutes after initiation of rainfall (85 mm hr') (Figure 3). This result is consistent with the rapid 
hydrologic response measured on the Boise Front. Runoff from all unburned sites showed greater initial 
runoff from interspace areas compared to coppices, consistent with findings from other studies of the 
effects of coppice areas on infiltration processes (Pierson et ai. 1994). In contrast, runoff from burned 
sites all had greater initiai runoff from coppices that gradualiy decreased throughout the rainfall period 
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(Figure 3). In addition, fire had the greatest impact on erosion from burned coppices as well (Figure 4). 
However, the fire impacts on infiltration and erosion were relatively small, but do indicate that fire can 
produce a hydrophobic condition on the densely vegetated coppices whereby infiltration is decreased and 
soil erodibility is increased. 
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Figure 3. Runoff rate over time for burned and unburned coppice and interspace areas, Denio 
Fire, Pine Forest Range, Nevada. 
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Significant rilling was observed on the burned Denio study sites following periods of rapid snowmelt 
during the first winter following fire (Figure 5). No rills were observed on the unburned sites 
Measurements of rill erosion were then initiated, but results have not yet been summarized. However, 
very strong differences were observed in overland flow characteristics and rill formation between burned 
and unburned areas (Figure 6). While fire may not significantly affect infiltration and interrill erosion in 
these sagebrush/grass ecosystems, it may have a profound effect on concentrated flow paths and rill 


erosion processes 









Figure 5. Photo of rill 
erosion during period of 
rapid snowmelt in late 
March following the 
Denio Fire, Pine Forest 
Range, Nevada 


Figure 6. Contrasting photos of concentrated flow and subsequent rill formation between intensely 
burned areas on the Denio Fire and adjacent unburned areas, Pine Forest Range, Nevada 


K-38 Wo 








Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


IMPLICATIONS 


The results of these studies provide a relative index of the increased nsk of runoff and erosion following 
fire. The results imply that south-facing slopes are at greater risk for increased runoff and erosion, and 
this risk increases as the fire intensity increases. Increased risk comes primarily from the interspace areas 
that have become devoid of protective vegetative and basal cover. Follow-up treatments for rehabilitation 
may be most cost-effective when applied to these south-facing slopes. While initiation of runoff (0-4 
minutes) was similar for all of these sites, the amount of runoff was primarily determined by both initial 
storage capacity (microtopography) and soil surface characteristics (soil properties and vegetation). 


Burning of litter can create hydrophobic soil conditions in forest systems, and is common where fire 
burns vegetation with waxy coatings or secondary compounds, resulting in the wax reforming a coating 
on soil particles (DeBano 1981). This type of fire effect did not seem to dominate on sagebrush grassland. 
Natural hydrophobicity possibly due to soil surface dryness appeared to be a natural part of the system, at 
least during dry summer periods. Therefore, fire-induced soil hydrophobicity was not an apparent factor 
in increasing runoff and erosion from steep burned slopes in this study. Microtopographic relief following 
fire seemed to provide the best indicator of infiltration rate and sediment yield following fire on steep 
slopes. 


Unanswered Questions: While the Boise Front and Denio studies provide insight into hydrologic 
processes on steep rangeland slopes and the impacts of wildfire, there are still many unanswered 
questions. Although hydrophobic soils seem to be a natural part of sagebrush plant communities in dry 
summer periods, how does the response differ with season of the year? Is this type of hydrophobicity 
consistent with similar plant communities on different soils? Does wildfire exacerbate or initiate 
hydrophobic soils on other rangeland communities? If so, what is the spatial and temporal distribution of 
hydrophobic soils? Is microtopography an important factor on all steep rangelands, or is the factor 
specific to certain plant community/soil associations? What is the immediate response of sagebrush 
communities to wildfire, and how does the response change over time? How does recovery differ 
between sagebrush communities? Are wildfire effects highly site specific, and how can we begin to 
provide predictive capabilities about the impact of wildfire? 
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SEDIMENT TRANSPORT REGIMES AFTER A WILDFIRE IN STEEP MOUNTAINOUS TERRAIN 
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Abstract: Intense rains after a wildfire created catastrophic erosion and deposition in a mountainous watershed. 
The result was a slug of sediment filling the main channel and parts of many tributaries up to 4 m thick This 
changed a supply-limited system to a transport-limited system. During the four years after the wildfire, three 
different transport regimes were identified. These regimes were not persistent enough to transport sediment as a 
wave but changed frequently, thus altering the morphology of the sediment slug. 


INTRODUCTION 





Wildfires are a natural disturbance that lowers the intrinsic threshold of erosion in a watershed; when followed by 
rain in steep mountainous-terrain, a dramatic erosional response can occur. Steep mountainous channels, in 
general, are supply-limited systems, but the erosion-response after a wildfire can provide so much sediment that 
these channels become transport-limited (Martin and Moody, unpublished data). Conditions for sediment transport 
in these mountainous channels and in similar ephemeral channels differ from the widely studied low-gradient, 
transport-limited sand channels (Leopold and Emmett, 1977; Brownlie, 1981) and from the steeper and rougher, 
supply-limited gravel channels (Milhous, 1973; Parker et al., 1982). Channel slopes often exceed 2%, the relative 
roughness (particle diameter/water depth) is nearly |, and the beds are sometimes composed of an unsorted coarse 
mixture of sand and gravel rather than well-sorted sand Other natural disturbances such as hurricanes and volcanic 
eruptions can also create transport-limited systems as do some anthropogenic activities such as mining and clear 
cutting. The eruption of Mount St. Helens in 1980 created a debris avalanche and debris flows that deposited slugs 
of sediment in the Toutle, Cowlitz, and Columbia River channels (Voight et al., 1981; Simon, 1999). Mining 
activities often deposit slugs of sediment into channel networks (Gilbert, 1917; Knighton, 1989) These inputs of 
sediment resulting from disequilibrium of the fluvial system have been defined by Nicholas et al. (1995) to be 
sediment slugs if they persist over time scales greater than the time of a flood event. They are classified by the 
spatial scale and the impacts they impart on the fluvial system. Macroslugs are controlled by in-channel processes, 
scale as the channel width, and result in minor channel changes . Larger megaslugs are controlled by loca! sediment 
supply and valley-floor configuration, and cause major channel changes whereas still larger superslugs are 
controlled by watershed-scale sediment supply and cause major changes in valley-floor morphology. 


The movement of sediment slugs in flumes and perennial streams and rivers has been modeled as translational and 
dispersive sediment waves (Gilbert, 1917; Pickup et al, 1983; Knighton, 1989), as stationary and dispersive 
sediment waves (Lisle et al., 1997), as sediment bores (Needham and Hey, 1992), or as a stochastic process 
characterized by random particle movement (Pickup and Higgins, 1979; Griffiths, 1994). Wave-like transport of 
natural bedload has been described by Meade (1985) for the East Fork River in Wyoming over a spatial scale equal 
to about 100 channel widths. He related transport and storage to the changes in slope over pools and riffles caused 
by the increase and decrease in water level in response to the unsteady flow from snowmelt. Wave-like pulses of 
sediment have also been observed at fixed points during the duration of a flood event (Lekach and Schick, 1983) in 


ephemeral channels. 


This paper describes the transient sediment-transport regimes of a superslug that was created by initial basin-scale 
erosion after a wildfire. The time scale (about 4 years) was greater than the flood-event time scale but shorter than 
the time scale for complete recovery of the channel to pre-fire conditions. This system, unlike many described and 
modeled in the literature, is characterized by unsteady and intermittent flow with a non-uniform channel; it 
represents typical systems found in steep mountainous terrain burned by wildfires. 
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BACKGROUND 


The wildfire burned 4690 hectares in two watersheds (Buffalo and Spring Creeks) located in the Colorado Front 
Range southwest of Denver, Colorado in May 1996. This area of the Colorado Fron! Range is characterized by 
short duration, intense rainfall events in the summer (Henz, 1974) that produce flashfloods and longer duration 
runoff from snowmelt in the winter and early spring. The main channels are steep (the slope of Buffalo Creek is 
about 1% and the slope of Spring Creek is about 4%) and baseflow in these channels may be elevated because the 
tree canopy and ground vegetation was destroyed which decreased evapotranspiration (Figure 1). The primary 
erosional event was a thunderstorm on 12 July 1996 that was much greater than the estimated 100-yr, 1-hr rainstorm 
(Miller et al., 1973; based on empirical equations developed from 6 and 24-hr precipitation data). The initial erosion 
in Buffalo Creek was relatively minimal, and subsequent sediment deposition “as in the form of alluvial fans from 
each tributary with sediment thickness decreasing in the main channel downstream from the fan. Although the 
Buffalo Creek flood plain was buried near the mouth of each tributary, it was, in general, preserved throughout the 
length of the valley. Erosion and deposition in the main, east-west channel of Spring Creek was much different 
Initial erosion (probably during the rising limb of the hydrograph) occurred across the entire valley and removed any 
pre-existing flood plain; alluvial fans were deposited at the mouths of tributaries (probably on the falling limb of the 
hydrograph) and were connected with in-channel sediment deposits up to 4 m thick, producing a sediment superslug 
in Spring Creek occupying about 5000 m along the main channel and filling the entire valley. 





METHODS 
Morphology The morphological |_| eet | 
changes of this superslug were | er a 
monitored for four years (June = = | rss 
1996 to June 2000) by aseriesof | | “™ =r 
closely spaced channel cross- a 
sections in a study reach near the Le ee Oe 
mouth of Spring Creek. This ‘ 4 
reach, which was 1490 m long ra ” 


and extended from the mouth 
upstream to a stream gage, was 
selected to encompass more than 
one wavelength of degradation 
and aggradation of a possible | sw» - 
sediment wave. The width of the 
valley in Spring Creek was about 
30 m;, cross sections were spaced 
10 m apart to provide detailed 
measurements of changes in 
morphology and in the total 
volume of stored sediment. 


Changes in volume at several 
neighboring cross sections were Figure |. Location of the areas burned in two watersheds (shown by different 


very similar during 1997, so in rt patterns) at ae Pp 1880 2360 pec yrs sea — 
1998, 1999, and 2000 the interval ransport regimes were monit in the y reach near the mouth of Spring Cree 


between cross sections was 

increased to approximately 30 m. Initially, the absolute location and elevations of each cross section were measured 
by using a Nikon 720 DTM, but after the absolute location had been established. a surveying level, metric tape, and 
surveying rod were used to remeasure the elevations at each cross section. Initial post-fire but pre-flood bed 
morphology was determined from 1:12,000 stereo photographs taken in June 1996, and the morphology of the 
superslug was determined as the difference between the pre-flood and additional post-flood 1:12,000 stereo 
photographs taken in August 1996 
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Particle-size Distributions Particle-size characteristics of the superslug were determined by collecting: |) sediment 
cores from unburned hillslopes to characterize the source of sediment, 2) surficial-sediment samples to assess 
longitudinal variations , 3) vertical stratigraphic samples to differentiate between bedload end flash-flood deposits, 
and 4) a large-volume sediment sample coupled with surface mapping of boulder deposits to characterize all the bed 
material available for transport. The particle-size distribution for each sample was measured by using standard 
sieves at 1-phi intervals after 15-20 minutes on a RoTap machine. The distributions were computed as the slope of a 
third-order polynomial spline fit to the cumulative data (R.F. Stallard, per. comm., 1997), and are characterized by 
the median diameter and the dispersion or phi deviation (Inman, 1952) which equals 1.0 in a very well sorted sample 
with only one phi size class. 


























RESULTS AND DISCUSSION 
Initial Morphology Cross-valley and longitud:nal enna mtecceeeT 
surface topography of the superslug in the main channel of & 
Spring Creek appeared relatively smooth and was 1 omeeuee : 
confined by steep and sometimes nearly vertical hillslopes | § “r Ga ’ 
with colluvial material as well as bedrock outcrops of the ’ Vahey were 
easily eroded Pikes Peak granite (Moore, 1992). The i 4 
longitudinal surface topography was broken by several | #2 ; ‘ 
steep bedrock outcrops which had been eroded and had B§ | 
essentially no sediment deposits. Within the 1490-m es | ! 
study reach, the valley width was narrowest at the ; 
upstream end (10 m), widest at the mouth (45 m), and the "T nee ; 
mean valley width was 27 m (Figure 2A). Pre-flood bed ] Ow Wr yr : 
slopes were slightly more variable (standard deviation = sear ane 
38%) than the widths (standard deviation = 20%) and the + ._ nen a cee aoe 


mean bed slope was 0.040. After the flood, the supersiug 























had a mean bed slope of 0.041 and was less variable | @ | 

(standard devizaon =27%) than the pre-flood channel | § 

(Figure 2A). At each channel cross-section, the sediment | # ‘> eee , 
deposition was measured as the change in area or change 

in sediment volume per unit channel length by using 
photogrammetry methods. This area was converted to an 

equivalent thickness for a uniform channel with a width of 'T ; 
27 m. The mean sediment deposition was 0.6 m thick | 
(Figure 2B). It was thickest at the mouth (2.6 m), which 

represents a truncated deposit that had dammed the South ; a a ae re Sie 
Platte River, and thinnest at narrow cross sections (0.20- . —_.... ea —_.... _ 
0.23 m) where bedrock outcrops were exposed in the SPRING CREEK. IN METERS 

—— Figure 2. Initial morphology of the superslug created by 


severe erosion after a wildfire. A. Valley widths were 
Particle-Size Bed material composing the superslug had — measured in 1997 and the bed slopes (before the flash 
a bimodal distribution with components from the flood on 12 July 1996) were measured approximately 
hillslopes and from the pre-flood channel banks. Particle- every 30 m from 1:12000 aerial photographs. B 
size distribution of the hillslope sources had a median = Equivalent thickness of sediment is the thickness in a 
diameter of 2.8 mm, a dispersion of 4.6, and was similar uniform channel 27 m wide. Sediment deposited after 
to the particle-size distribution of the surficial sediment of the flood was measured as the difference in elevations 
the superslug (Figure 3). Characteristics of surficial between pre- and post-flood aerial photographs. 
sediment varied from upstream to downstream and indicated that some sorting had occurred. At about 5000 m 
upstream from the mouth of Spring Creek, the median diameter of the surficial sediment was about 2.5 mm and was 
consequently better sorted (dispersion = 3.4) than the hillslope sources. The median diameter increased downstream 
and was about 4.4 mm (dispersion = 2.9) at the mouth. 
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The second component of the bimodal distribution came from channel banks and had a median diameter of 110 mm 
and a dispersion of 3.2. This material was croded from the outcrops of Pikes Peak granite which is often 
decomposed at the soil interface and easily broken into gravel-sized material (grus) or plucked as boulder-sized 
material by the flow. Boulders often formed bars on the surface after the mayor floods, and field observations 
suggest they may have been deposited along the edge of an eddy in expanding reaches during the flood. 


Horizontal layers of sediment were observed in the eroded banks of the superslug. However, detailed sampling 
indicated that apparent layers of coarse sand and gravel interbedded with fine sand were not continuous over 
distances much greater than 1-2 m. Rather than layers, these flash-flood deposits were actually lenses of coarse sand 
and gravel similar to bedload deposits in reaches of braided channel. Here, bedload was observed to be deposited by 
very shallow flow (0.01-0.05 m deep) as coarse sand and gravel mid-channel bars or islands (about 0.2-0.5 m wide 
and 0.5-i m long) that randomly diverted the flow in these braided reaches. These small bars or islands were later 
covered by finer bedload material transported by a diverted channel from upstream and formed lenses of coarse sand 
and gravel. The median diameter of the coarse lenses in the flash-flood deposits (4.7 mm) was larger than those of 
the bedload deposits (3.6 mm) but neither was well sorted (dispersion >3.5). 





TOE OLE a TERS 
‘es *+t+ 8 2 & @ om oe om 


Sediment Transport Regimes Three sediment transport regimes were 
and are referred to in this paper as uniform, discontinuous, and unsteady 
regimes. 





Relatively uniform water discharge (0.074- 0.21 m’s"') occurred in the 
early spring from snowmelt and during the summer as prolonged and 
highly fractured granite. This flow eroded the non-cohesive surficial 





a © 

















sediment of the superslug im some reaches creating an incised channel 
about 1-2 m wide with characteristically 0.5 high banks and a bed 
armored by the coarse bed material (median diameter of 110 mm) 
derived from the banks (Figure 3). Sediment was transported 
downstream (0.32-1.2 kg s'‘m'') and deposited in other reaches creating 
braided channels about 20-40 m wide which filled the entire valley. 
This alternating pattern of incised and braided reaches was observed 
along the entire 5000 m length of the superslug and was measured in 


Figure 3. Particle-size distribution of the 
hillslope source of sediment (dashed |ine) 
and the channel bed material (solid line) 
composing the superslug. The median 
diameters of the hillslope source, the 
surficial sediment in the bed material, and 
the bank material in the bed material are 
2.8 204, 46 #2.7, and 110 23.2 mm 


respectively. 


detail in the study reach. For example, between October 1997 and May 
1998 (Figure 4) when there were about 60 days of active transport during snowmelt runoff in the spring, the volume 
of sediment (4700 m’) eroded in the reach between 1390 and 745 m was a little greater than the volume of sediment 
(3500 m’) deposited downstream in the reach between 745 and 110 m. The difference in volume represents an 
average transport rate of 0.4 kg s"' (using a bulk density of 1700 kg m’’) out of the study reach. During the winter, 
relatively uniform discharge (about 0.02 m’s') also occurred from snowmelt on south-facing hillslopes; however, 
the surficial bed material was now frozen (and therefore cohesive). As a result, the incised reaches were narrower 
and had higher banks (~1 m). The sediment transport downstream from these narrow incised reaches often 
exceeded the carrying capacity of the narrow channels, resulting in overbank flows that created levees and irregular 
mounds of sediment as the sediment refroze during the night. Repeatedly during the winter seasons, sediment 
accumulated as an in-channel fan in the reach between 700 and 600 m, which was also a storage reach during the 
other seasons. 


The discontinuous regime had very low discharge (<0.01 m’s'') flowing over the non-cohesive surficial sediment 
This regime frequently occurred during the summer. Surface water was discontinuous, disappearing into the bed 
material, depositing the bedload, and creating an in-channel fan. The fan moved very slowly upstream by deposition 
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on the upstream edge and erosion on the downstream [ RE nS A <P NI 


edge as the subsurface water emerged, creating a slip 
face on the fan and a narrow (~0.5 m) incised channel. 











z 
when the discharge changed from 0.02-0.20 m’s" to 
20-180 m’s' during flash floods caused by heavy 
rainfall from summer thundersiorms. Rainfall in 
excess of about 10 mm h’' seemed to produce general Pa ; 
overland flow and flash floods. Time to peak discharge “8 n o- — « wo wo vem 
on the rising limb was typically 0.1-0.5 hours, and the OXS TANCE UP STREAM FROM MOUTH OF SPRING CREEK. IN METERS 


falling limb usually lasted longer than 3 hours. The Figure 4 betnens ef cated asstebent 
number and magnitude of flash floods was greatest in aarp — 

deposited (positive) sediment in the main channel of Spring 
1997 (1 year after the fire) and has since decreased. Creek between October 1997 and May 1998 (see figure 6, 
The initial flash flood on 12 July 1996 was the largest, time interval 6). 
pooducing 0 weterhed average unit Ciechergs of 24 
m’s km”. The next largest event was on 31 August 1997 (unit discharge of 8.6 m’s'km”), and third largest event 
occurred on 31 July 1998 (2.8 m’s'km”™). Much of the sediment which had moved as bedload (1-32 mm) during 
other regimes was probably transported as suspended load during some of these flash floods. During the 31 August 
1997 event, the estimated minimal total transport was 4000 kg s' (based on volume of sediment deposited in the 
study reach which acted like a bedload trap because of its expanding width); about 80% was suspended load, and 
20% was bedload. 

















These flash floods were, in general, net depositional processes resulting in aggradation. The average equivalent 
thickness of deposited sediment after the 12 July 1996 flood was 0.6 m, after the 31 August 1997 flood it was 1.0 m, 
after 31 July 1998 flood it was 1.03 m, and by May 2000 the sediment in the study reach was 1.1 m thicker than in 
June 1996. The deposition, however, within the study reach is spatially variable (Figure 2) and seems to reflect the 
spatial variability in bed slope and valley width. 


Deposition Model: Deposition from major flash floods that filled the entire valley were predicted by a simple 
analytical model involving bed slope and valley width. This was an extension of the observations by Meade (1985) 
that deposition depended upon variations in slope to include deposition that depended upon variations in width. The 
analytical mode! predicts nei deposition or net erosion for a single event but does not predict the changes during an 
eveut. Deposition from smaller flash floods could not be predicted with this analytical model because the water 
surface width was less than the valley width, confined within very erodible banks, and therefore the width was 
unknown. The sediment transport, G, was assumed proportional to the total shear stress to 1/2 power, the shear 
stress was estimated as the depth-slope product, and the velocity approximated by Manning's equation. For constant 
water discharge the sediment transport is then: 





g/t 





9/10 


G=C 
w 


where C is a proportionality constant, S is the bed slope, and w is the valley width. Deposition and erosion within a 
reach are then proportional to the difference between the transport at the upstream and downstream boundaries. 
These boundaries were the channel cross sections which were approximately 30 m apart for the inuial flood on 12 
July 1996 (when the deposition was determined photogrammetrically) and were approximately 10 m apart for the 
flood on 31 August 1997 (when the deposition was determined by ground surveys before and after the flood). The 
spatial variability predicted by this simple model is very simular to the actual deposition (Figure 5A) after the 12 July 
1996 flood. When differences between sediment transport were computed over 3 reaches (~90 m), the difference 
between predicted deposition and measured deposition was less. The difference between the predicted and measured 
deposition was relatively greaier between 1000 and 1400 m where the valley is narrow than between 20 and 1000 m 
where the valley is much wider. A possible explanation is that the bed roughness may have been greater in the 
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wider reaches where willows and cottonwood trees were more numerous than in the narrower reaches. This 
analytical model assumes a constant roughness, and if the roughness in the narrow reach between 1000 and 1400 m 
was reduced there would be a decrease in the predicted thickness and an improvement im the prediction by the 


is also large near the mouth of Spring Creck at the junction with the 
Actual deposition was probably controlled by the water level im the 
South Platte River which created an effective slope that was possibly 
much smailer than the slope in the Spring Creek channel upstream 
fromm the mouth used in the model. This simple model was also 
applied to the deposition from the 31 August 1997 flash flood 
(Figure SB) and once again reproduced the general spatial pattern of 
deposition which for this flood was measured at about 10 m intervals. 
The best predictions of deposition, however, were achieved when the 
bed slope was spatially averaged over 3 reaches (about 30 m) 
producing “regional” slopes similar to those used for the initial flood 
in 1996. In addition, the differences in the measured and predicted 
were computed over 3 reaches (~30 m) or approximately the valicy 
width. Deposition seems to be controlled by a “regional” slope 
averaged over the distance of several reaches upstream. This 
distance was larger (~ 90 m) for the 12 July 1996 flash flood 
(estimated peak discharge of $10 m’s'') than the distance (~30 m) for 
the 31 August 1997 flood (estimated peak discharge of 180 m’s"'). 


CONCLUSIONS 


The transport of sediment for this superslug can not be described by a 
sediment wave during the transient period consisting of the first four 
years after its creation. Three different transport regimes existed at 
different times and for varying lengths of time and no single 
transport regime existed long enough in space or time to consistently 
move sedimeni. The unsteady regime is represented by time 
intervals 1, 4, 9, 10, and part of interval 14 (Figure 6), the 
discontinuous regime is represented by intervals 2, 3, 8, and 11, the 
uniform regime with non-cohesive bed conditions by intervals 5, 13, 
and part of 14, and 15, and finally the uniform regime with cohesive 
bed conditions by intervals 6, 7, 12, and 16. No translational 
sediment wave was observed to propagate downstream, which in 
Figure 6, would appear as a slug moving from right to left (along the 
spatial axis) and from top to bottom (along the time axis), and no 
diffusing stationary wave is evident. 
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Figure 5. Analytical model for net erosion 
and deposition as a result of a flash flood A 
The measured equivalent thickness (dashed 
line) for the 12 July 1996 flash flood (see 
figure 2 and figure 6, time interval 1) is 
compared to the predicted thickness (solid 
line). The proportionality constant C was set 
arbitrarily to 10 to produce similar 
amplitudes and an offset of 0.5 m was 
applied B. The measured equivalent 
thickness (dashed line) for the 31 August 
1997 flash flood (see also Figure 6, time 
interval 4) 1s compared to the predicted 
thickness (solid line) where the 
proportionality constant C was set arbitrarily 
to 10 to produce similar amplitudes and an 
offset of 0.5 m was applied 





Deposition during flash floods probably occurs on the falling limb of the hydrograph when the sediment is moving 
as bed load. Flash-flood deposits were coarser than bedload deposits that had formed at lower discharge. Neither 
deposits had vertical stratification thai would indicate they were formed by the settling of suspended sediment. The 
spatial variability of the deposits depends mostly on the spatial variations of bed slope and valley width but also on 
the bed roughness which is difficult to determine during a flash flood 


The hillslopes sediment fluxes have decreased to pre-fire in 3-5 years (Moody and Martin, unpublished data), and 
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thus the runoff response to rainfall has decreased and the 











unsteady nature, characteristic of the transient phase of this a ee 

transport-limited system, is decreasing. The implication is 2) am ene oe . 
that with steadier flow a stable and armored channel will j x 
probably form within the entire length of the superslug. asaenniiainem : 
The bulk of sediment in the superslug will go into long-term | a — ee 
storage and will probably move only when the next A. en 
disturbance such as wildfire changes the erosion threshold ee enhe ‘ 
of the watershed. . oc, 
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DISTANCE UPSTREAM FROM MOUTH 
OF SPRING CREEK, IN METERS 











Figure 6. Changes in the morphology of the superslug 
within the study reach. The changes in equivalent 
thickness between successive surveys of the study 
reach are shown with time increasing downward. The 
time intervals are not equal but represent 16 
measurements of change over the four years following 
the wildfire and initial erosional and depositional event 
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Abstract: Land managers in southern California have speculated that prescribed burning could reduce the soil 
erosion generated by catastrophic wildfires. A unique opportunity to test this notion arose when a wildfire swept 
over a field experiment measuring hillslope erosion from a prior prescribed burn. Results indicate that |) fire 
severity may directly affect erosion response, 2) postfire hillslope erosion levels may return to normal within three 
years, and 3) prescribed fire may reduce the erosion produced by subsequent wildfires. These results suggest that 
prescribed fire may be an effective sediment management tool in southern California chaparral brushfields. 


INTRODUCTION 


In southern Calitornia, where human development has encroached on fire-prone chaparral brushfields, the threat of 
wildfire to life, property, and infrastructure is well documented (Conard and Weise 1998, Riggan and others 1994). 
In addition, fires render the landscape susceptible to enhanced erosion, flooding, and sedimentation with the onset of 
heavy winter rainstorms (Rice 1974, Wells 1981). This has prompted expensive emergency watershed rehabilitation 
measures on the part of land managers to protect downstream values at risk (USDA Forest Service 1992). 


Prescribed burning is one possible way to protect communities from catastrophic wildfires. Selectively burning 
strategic corridors and buffer zones can reduce hazardous fuel conditions adjacent to urban areas (Green 1981). 
Prescribed burning also creates a mosaic of vegetation age classes on the landscape that may reduce the fire severity 
in the event of a destructive wildfire and aid suppression efforts (Conard and Weise 1998, Riggan and others 1994). 
Thus, using prescribed fire as a vegetation management tool can reduce both watershed damage and suppression 
costs. 


Prescribed fire might also be used as a sediment management tool. Burning smaller areas at lower fire intensities 
should generate less site disturbance and reduce the loss of soil and nutrients compared to « large wildfire (Green 
1981). Given the potential for damage and cleanup costs of accelerated postfire erosion, any reduction in postfire 
sediment yields could be highly beneficial. 


Unfortunately, the effectiveness of prescribed fire as a sediment management tool in chaparral has not been 
adequately demonstrated in the field. Pase and Lindenmuth (1971) reported that a prescribed fire generated only 10 
percent of the sediment produced by a wildfire in a comparable area in central Arizona. In southern California, 
watersheds burned in a moderate-severity prescribed fire yielded only 35 percent as much water and sediment as 
watersheds burned under a high-severity prescription that was intended to simulate a wildfire (Riggan and others 
1994). While both these studies suggest that the erosion response after a prescribed fire is lower than after a natural 
burn, neither was able to address the impact of prescribed burning on subsequent wildfires. 


The purpose of this paper is to report the findings of a field experiment that may illuminate the use of prescribed 
burning as a sediment management tool. The results document the postfire hillslope erosion response from two 
adjacent and presumably nearly identical sites for three distinct fire cases: a moderate severity prescribed burn, a 
moderate to high severity short-interval reburn, and a very high severity wildfire 


STUDY AREA AND METHODS 


The Belmar study area is located in the Pefia Canyon watershed on the southern slopes of the Santa Monica 
Mountains above the coastal community of Malit u, California (Figure 1). Although the Belmar area constituies an 
unreplicated case study, the geology, soils, climate, and vegetation are typical of much of the east-west trending 
mountain ranges of southern California (Table 1) 
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Table 1. Characteristics of the Belmar study area. 








Attribute Value 

Distance from the coast 2 km 

Mean elevation 450 m 

Mean aspect south 

Mean slope angle 28 degrees 
Mean slope length 37m 

Parent rock type sedimentary, primarily sandstone 
Soil texture sandy loam 
Mean annual precipitation 467 am 
Vegetation type mixed chaparral 
Vegetation cover 40 percent 





The Belmar site was established in January 1988 by installing 7@ erosion plots over a 60 ha (150 ac) area in 30-year 
old mixed chaparral that was planned to be burned in a prescribed fire. Each erosion plot consisted of a segmented 
sheet metal sediment collector trap with a 1.5 m aperture parallel to the slope contour (Wells and Wohigemuth 
1987). The unbordered erosion plots were situated at midslope positions along several interflueves. The potential 
plot contributing area extended to the hillslope crest, and varied in length from 9 to 115 m. Ten of the plots were 
established outside the proposed prescribed fire boundary to serve as unburned controls (Figure 1). 


The area was burned in June 1988, but, because of a sharp rise in relative humidity during the prescribed fire 
operation, the fire consumed the vegetation on only about half the site. Based on the depth of soil char, the diameter 
of the remaining plant stems, and the consumption of ground litter and foliage, the prescribed fire burned with 
moderate fire severity (Wohlgemuth and others 1998). The 22 completely burned original erosion plots plus 17 
plots newly-established after the prescribed fire (n=39) are designated the Belmar! site (Figure 1). 


The entire Pefia Canyon watershed subsequently burned in the wind-driven Old Topanga Fire of November 1993. 
The wildfire burned under more severe weather conditions than the prescribed fire. Consequently, based on the 
above criteria, the prescribed burn section of the Belmar site reburned with moderate to high fire severity, while the 
previously unburned vegetation was completely consumed with a very high fire severity (Wohlgemuth and others 
1998). The 24 original erosion plots burned in the wildfire but not in the prescribed fire (including the original 
control plots) plus 12 plots newly-established after the wildfire (n=36) are designated the Belmar? site (Figure 1). 


Sediment was gathered periodically from the collector traps and taken to the laboratory, dried, and weighed. The 


preburn erosion record for both sites consisted of a single collection of sediment that accumulated between January 
and June 1988 (Figure 2). Postfire erosion was measured with decreasing frequency for five years after each fire 
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The erosion data were aggregated into wet season (roughly November to March) and dry season (April to October) 
collection periods, based on the precipitation records from an onsite raingage (Wohlgemuth and others 1998; Figure 
1). 


The original erosion plots that became the Belmar2 site were abandoned after failing to burn in the 1988 prescribed 
fire. Measurements following the prescribed burn at the Belmar! site were initially terminated after five years of 
monitoring in the spring of 1993. Thus, gaps exist in the erosion record of both sites before they were reactivated 
following the fall 1993 wildfire. Although the magnitudes of the missin,2 data points were probably small, in order 
to compare the erosion response for both Belmar sites over the entire 10-year life of the project, estimation 
procedures were needed to fill in these gaps. The missing erosion values for the unburned Belmar? site were 
estimated from the relationship between the Belmar? prefire erosion measurements and those from the unburned 
controls. The missing values from both sites for the 1993 dry season were estimated by multiplying the median 
1992 dry season erosion rate (amount divided by duration) by the duration of the 1993 dry season. 


Because of unequal sample sizes, non-normally distributed data, and a desire to avoid numerical transformations in 
analyzing the data, central tendency and dispersion were characterized as the medians and semi-interquartile ranges 
of the distributions. Although the same plots were used at the Belmar! site after both the prescribed fire and the 
reburn, for consistency in testing against the Belmar2 site, subsequent statistical analysis employed the unpaired 
non-parametric Wilcoxon rank sum statistic (Dixon and Massey 1969) to compare the postfire erosion responses of 
the various fire scenarios. 


RESULTS 


The magnitude of the initial postfire erosion response of the prescribed burn and the reburn appear similar (Table 2), 
despite the differences in fire severity. Results of the statistical analyses (Table 3) confirm that the ‘wo cases were 
comperable in the first two years postfire, but show that the prescribed burn produced significantly more (p=0.03) 
erosion than the reburn over a five-year study period. In contrast, the erosion response of the wildfire was ten to 
twenty times greater than the other two cases during the first two postfire wet seasons (Table 2), but tested simular to 
the reburn and less than the prescribed burn for years 3-5 (Table 3). Overall, sediment production after the wildfire 
was significantly greater (p<0.01) than the prescribed fire or the reburn over a five-year study period (Table 3). 


In addition to the moderate fire severity, the modest erosion response after the prescribed burn was probably due to 
the prevailing drought conditions that produced both low rainfall totals and low intensities (Figure 2). Conversely, 
the reburn/wildfire experienced a low rainfall year followed by a high rainfall year, then two years of nearly average 
precipitation (Figure 2). 


Despite the relatively rapid recovery period, soil erosion from the wildfire was greater than from the other two fire 
cases combined. Over a 10-year period for nearly identical site characteristics and rainfall patterns, the prescribed 
fire and short-interval reburn on the Belmar! site together produced only 17 percent of the soil erosion generated 
from the wildfire and estimated preburn record at the Belmar2 site (Figure 2). 


DISCUSSION 
Factors governing postfire erosion response in southern California--apart from inherent site characteristics--are 


precipitation, vegetation regrowth, and perhaps the depletion of hillslope sediment supply. Generally, postfire soil 
erosion is more pronounced in wet years than during sub-norma: rainfall years (Rice 1974). A greater cover of 


herbaceous vegetation regrowth has a beti: av... y to retard soil movement (Beyers and others 1998). There is also 
speculation (Wohlgemuth and others 199* ha: ~wch of the loose, easily erodible soil may be removed in an initial 
postfire flush, exposing more structured sc rial at the surface during subsequent years 


The short-interval reburn produced only moderate erosion initially and very minor erosion during the subsequent 
years. This probably reflects the patterns of vegetation regrowth, as the herbaceous cover was 2-3 times greater 
after the reburn than after either the prescribed fire or the wildiire (Beyers and others 1998). Presumably, the seed 
bank from the herbaceous piant community following the prescribed fire sprouted vigorously after the reburn, and 
the additional cover afforded greater site protection against postfire erosion, even in a very wet year. This would 
explain the results of the foregoing statistical analyses, and would account for the lower levels of erosion after the 
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Figure 2. Hillslope erosion and rainfall at the Belmar sites by hydrologic year (October 1 to September 30). The upper black histograms are wet 
season erosion; the patterned histograms are dry season erosion. Histogram widths are standardized and do not represent actual season durations. 
* are estimated values (see text). Sample size for the winter/spring 1988 preburn collection was 22 and 24 for the Belmar! and Belmar? sites, 
respectively. Sample size for the estimated Belmar2 preburn period was 24. The lower black histograms are annual rainfall; the patterned 
histograms are rainfall intensity 
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Table 2. Postfire erosion by year and season. 














Belmar | Belmar2 
Year postfire Prescribed burn Reburn Wildfire 
wnecencereeeneeee es eee Kilograms of sediment per hectare --- - 

Year | 

Dry season 55 + 64! ’ . 

Wet season 1083 + 430 774 + 1182 20183 + 11633 
Year 2 

Dry season 504 + 432 98 + 130 126 + 31 

Wet season 255 + 334 106 + 90 5825 + 5991 
Year 3 

Dry season 337 + 790 144 + 152 353 + 334 

Wet season 85+110 69 + 104 81+ 39 
Year 4 

Dry season 502 + 659 74+ 116 110 + 136 

Wet season 1214172 38 + 20 73+ 45 
Year 5 

Dry season 73273 22 +27 49 + 40 

Wet season 59 + 76 38 + 16 63 + 69 





‘Median and semi-interquartile range (the nonparametric equivalent of mean and standard deviation) 


“As the rainy season commenced shortly after the wildfire, there was no appreciable Year | postfire 


dry season. 
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Table 3. Results of the Wilcoxon rank sum tests. 








Comparison Score p-value 
Rx Burn vs Reburn, 5 yr 2.229 0.03 

Rx Burn vs Wildfire, 5 yr -9.154 <0.01 
Reburn vs Wildfire, 5 yr -10.926 <0.01 
Rx Burn vs Reburn, 2 yr 1.558 0.13 
Rx Burn vs Wildfire, 2 yr -10.206 <0.01 
Reburn vs Wildfire, 2 yr -11.017 <0.01 
Rx Burn vs Reburn, year 3-5 3,480 0.01 

Rx Burn vs Wildfire, year 3-5 2.345 0.02 
Reburn vs Wildfire, year 3-5 -1.552 0.12 





reburn than after the prescribed burn. Alternatively, the lower I-vei of erosion in the higher rainfall years following 
the short-interval reburn may reflect a depletion of hillslope sediment supply. 


The wildfire generated substantial sediment movement for both the low and high rainfall years, then abruptly ceased 
(Figure 2). The amount of herbaceous cover following the wildfire was nearly identical to the amount after the 
prescribed burn in a similar low rainfall year (Beyers and others 1998). This strongly suggests fire severity ©: « 
major factor in governing the magnitude of postfire erosion, and is consistent with previous observations (Pas« and 
Lindenmuth 1971). This reflects the greater degree of site alteration (foliage and litter consumption, surface soil 
structure disruption, degree of soil non-wettability) associated with higher severity fires. In view of the initial 
postfire erosion spike following the wildfire, the abrupt return to baseline erosion levels may seem remarkable. 
However, research has shown that burned hilislopes typically recover to prefire erosion rates in 2-4 years 
(Wohigemuth and others 1998). 


Just as fire in so. thern California chaparra! is inevitable, so is accelerated postfire erosion. While it has been shown 
that prescribed fire may reduce the short-term erosion response of a subsequent wildfire, it is unlikely that the long- 
term (millennial) patterns of sediment production will be affected. Moreo” sr, ‘he optimal prescribed fire recurrence 
interval for sediment management has yet to be demonstrated. However, it appears that the judicious use of 
prescribed fire could buffer the erosion spikes produced by catastrophic wildfires, and should be considered by land 
managers as a legitimate sediment management tool. 


CONCLUSIONS 


This example from southern California suggests that prescribed fire may be an effective sediment management tool. 
A wildfire generated twenty times as much sediment as a prescribed burn in the first postfire winter with similar 
amounts of rainfall and vegetation regrowth. Postfire erosion recovered to normal levels in as little as two years, 
although it is unclear ‘o what degree these measured responses reflect vegetation regrowth or the depletion of loose 
surface soil. Prescribec. fire was associated with lower hillslope erosion from a subsequent wildfire in the Belmar 
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area, with the prescribed fire plus the rebum together producing only 17 percent of the sediment generated by the 
wildfire. 
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CHANNEL CHARACTERISTICS AND LARGE ORGANIC DEBRIS IN ADJACENT BURNED AND 
UNBURNED WATERSHEDS A DECADE AFTER WILDFIRE 
By Ronald B. Zelt, Hydrologist, U.S. Geological Survey, Cheyenne, Wyoming 


INTRODUCTION 


Wildfire can affect not only vegetation communities but also hydrologic and geomorphic processes. Its geomorphic 
importance relates to the sensitivity of landscapes to fire-caused changes in vegetation and soils, and consequent 
changes in hydrology. Increased overland flow and soil erosion may result when vegetation is removed. Reduced 
transpiration increases soil moisture levels, and increased exposure to sun and wind can alter the magnitude and 
timing of snowmelt runoff. Changes in burned watersheds impact stream channels through altered hydrology, 
sediment inputs, or riparian disruption that produce effects on channel erosion, sediment storage and transport, and 
aquatic life. Debris torrents may dramatically alter stream channels and sediment loads. 


‘Many fire-caused changes have immediate and short-term effects. Delayed or long-term effects are due to such 
processes as root decay of fire-killed trees, loading of stream channels with large organic debris (LOD), or fluvial 
adjustments of channels to increased runofi. Current understanding of fire effects on channel characteristics and 
LOD is limited by the large variability in effects due to the number of affected processes and controls. Due to this 
variability, the magnitude and duration of fire effects cannot be predicted reliably. 


The 1988 wildfire season climaxed in early September as the Clover-Mist Fire burned beyond the eastern boundary 
of Yellowstone National Park (YNP) and consumed most of the vegetation in Jones Creek watershed, a headwater 
drainage of the North Fork Shoshone River in Shoshone National Forest (Greater Yellowstone Coord. Comm., 
1989). However, less than 8 percent of Crow Creek watershed was burned, despite being adjacent to Jones Creek 
(fig. 1). The wilderness watersheds of Crow and Jones Creeks provide a rare opportunity to compare fluvial 
processes in a severely burned watershed with those in an undisturbed adjacent watershed having very similar 
physical characteristics, without the confounding influences of activities such as timber harvest, roads, or mining. 
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Figure 1 — Location of study “rea and study reaches in northwestern Wyoming 


This paper reports preliminary results from a case study of channel conditions during the postfire recovery of Jones 
Creek, in contrast with Crow Creek. The study focuses on channel characteristics (including width, substrate, and 
pool characteristics) and differences in LOD loading and characteristics that may be attributed to severe wildfire 
disturbance. However, observed differences between the streams cannot establish fire as the causal agent because 
no pre-fire data exist (see Troendie and Bevenger, 1996). Specific research hypotheses include: (1) Jones Creek is 
wider and has more fine sediment stored within its channel than does Crow Creek; and (2) following a decade of 
presumably accelerated input of burned LOD, dr’: ~s loading is larger in Jones Creek than in Crow Creek 
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STUDY AREA 


Crow and Jones Creeks drain steep terrain in the northern part of Wyoming's Absaroka Range adjacent to YNP (fig. 
1). Elevation ranges from 2030 to 3240 m (above mean sea level) in Crow Creek watershed (49.5-km’), and from 
2082 to 3280 m in Jones Creek's slightly larger drainage (66.8-km*). Slope steepness of 70 percent of each 
watershed ranges between 16 and 60 percent (Troendle and Bevenger, 1996), averaging 42 percent for Crow Creek, 
and 41 percent for Jones Creek. The distributions of slope aspect and elevation zones also are similar for both 
watersheds (see Troendle and Bevenger, 1996). 


Mean annual temperature is about (°C, with January mean daily minimum of -17°C and July mean daily maximum 
of about 22°C (Martner, 1986). Analysis of precipitation and elevation data (G.S. Bevenger, U.S. Forest Service, 
written commun., 1992) suggests that mean annual precipitation in the study area is about 1350 mm on the ndge 
tops and decreases to about 450 mm at the watershed outlets. 


The northern Absaroka voicanic field consists of deeply eroded andesitic and basaltic lava flows and epiclastic 
deposits derived from them, some air-fall tuffs, and a variety of related intrusive rocks (Nelson and Pierce, 1968; 
Smedes and Prostka, 1972). Upper slopes are bedrock outcrops or talus slopes, whereas glacial till and rock 
outcrops dominate lower slopes. Valley floor deposits include sand and gravel stream deposits, bouldery debris- 
flow fans, and avalanche debris. The distribution of geologic units is quite similar for both watersheds (see 
Troendle and Bevenger, 1996). 


The distribution of vegetation communities in these watersheds is strongly affected by elevation. Sagebrush 
dominates the upland communities at elevations below about 2130 m, but vegetation and hydrology change 
distinctly near that elevation threshold (Marston and Anderson, 1991). Engelmann spruce, subalpine fir, Douglas fir, 
and whitebark pine compose the predominant climax community in the subalpine zone that extends to upper 
timberline near 3100 m. 


Snowmelt runoff dominates the hydrology of the study streams. Because of the near permanence of the snowpack at 
the higher elevations, streamflow is sustained between periods of precipitation (Lowry and Smalley, 1993). Postfire 
streamflow data circumstantially indicate that for Jones Creek a 34 percent increase in water yield occurred during 
1989-1992, with the difference appearing during the spring rise of the snow.nelt hydrograph (Troendle and 
Bevenger, 1996). Those daily streamflow data show that the frequency of the largest flows (those exceeded about | 
percent of the time) was similar for both streams, but a flow of 80 L/s/km’ (exceeded about 5 percent of the time in 
Crow Creek) occurred n-arly twice as frequently in Jones Creek. 


Available data for 1989-93 indicate that most of the total annual suspended-sediment yield was associated with high 
flows generated during snowmelt (Troendle and Bevenger, 1996). However, peak sediment yields for the two 
streams were associated with summer storms. Annual sediment yield was more than four times larger in Jones 
Creek than in Crow Creek for 1989-1992 (Troendle and Bevenger, 1996), and for 1993 (Druse et al., 1994). Channel 
bed and banks appear to have been the primary sources of increased seciment load (Troendle and Bevenger, 1996) 
due to the devastation of the riparian vegetation (Young, 1994). 


METHODS 


Stream order and channel gradient were computed for each stream segment using geographic information system 
(GIS) techniques. A sample of 10 third-order segments was selected from each creek from among segments deemed 
most likely to have riffle-poo! morphology (average gradient less than 0.03 m/m). At each selected stream segment, 
3 study reach with length of 20 average bankfu.. chanm widths was defined onsite. A study reach that appeared to 
have a gradient gentler than adjacent reaches was selected, thus targeting reaches assumed to be most sensitive to 
changes im sediment inputs (Lisle and Hilton, 1992). A few study reaches have well-developed niffle-pool 
sequences (ideal for sensitivity to changes of interest), but most reaches have plane-bed channels with small pools 
only. Nearly all data for study reaches were collected during late July through mid-September 1999, during low 
flow conditions; four reaches also were visited in August 1998, when substrate size distributions were sampled 


Bankfuil channel width was measured at 4 to 8 mffle locations per reach and at 4 to 6 pools. Reach-average bonkful! 
width was computed as a length-weighted average of nffle width and poo! width. Residue! water volume and fire. 
sediment volume were measured in 6 pools in cach study reach, using methods of Lisle and Hilton (1992), except 
that only 5 pools were measured at 2 reaches. Reach length and downstream position of cach pool were measured 
approximately along stream centerline. Eleven to 18 soundings were made along 3 or 4 transects across cach poo! 
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using a graduated steel rod 0.95 cm in diameter. Abrupt changes in resistance to penetration of the rod as it passed 
from sand or fine gravel to imbricated coarse gravel and cobbles indicated the base of the fine sediment deposit. 
Composite samples of the fine sediment in 3 pools per study reach were collected using a pipe dredge and submitted 
for laboratory sieve analysis to determine grain-size distribution (GSD). Results by size fraction were averaged 
within a reach to compute a reach-average GSD for pool fines. Reach-average channel gradient was measured using 
a graduated rod, a stabilized hand level with Sx magnification, and a tape-measured distance along the channel. 


Streambed-surface particle size was sampled from two riffles in each study reach using the grid-sampling variant of 
the Wolman (1954) pebble count. In 1998, intermediate diameters were measured using a ruler, whereas a US SAH- 
97 particle-size analyzer (template) was used in 1999. For each reach, the percentages by size fraction for each nffle 
were averaged to compute a reach-average GSD on riffles. 


LOD was defined as fallen pieces of wood with diameter greater than 10 cm and at least 2.0 m in length. Total 
length and length within or suspended above the active channel were measured for each piece. Miameter was 
measured at the mid-length point. Volume was estimated as equivalent to a cylinder having the same length and 
diameter. LOD loading, as volume per unit length of channel, was summed per reach. In some reaches, LOD jams 
were too large and dense to access or reliably inventory every piece; in those cases, ali principal pieces seen, 
together with most other accessible pieces, were measured. The degree to which each piece of LOD was anchored 
was recorded as the number of ends attached or buried in banks, or number of sides buried in channel sediments 
(Young, 1994). Notation was made of each piece that was in contact with another piece of debris. 


Statistical testing procedures used S-Plus 2000 analysis software (Mathsoft, Inc., Seattle, Wash., rel. 2, 1999). Tests 
of differences between streams used the Wilcoxon rank-sum test, except for a few variables that had sample 
distributions satisfying the assumptions for the t test. Correlations were tested using the large-sample approximation 
of significance for Spearman's rank correlation coefficient (R,). Multiple linear regression models were fitted using 
least-squares regression or least-trimmed-squares regression. Standard diagnostic plots were used to check for gross 
violations of the assumptions underlying normal linear regression. Significance of linear regression models was 
tested using the F ratio of the explained variation to unexplained variation divided by their respective degrees of 
freedom (Ott, 1988). In this study, test results with probabilites (p-values) under the null hypothesis of less than 
0.05 were considered to be significant and results with p-values from 0.05 to 0.10 to be marginally significant. 


CHANNEL CHARACTERISTICS 


Channel Width. Average channel widths are chiefly a function of drainage area. However, Crow Creek is much 
narrower than expected near its mouth at site 173, just downstream from where part of the flow is diverted into a 
ditch. Data for that reac! were excluded from further analyses of channel width. Reach-average bankfull width (W) 
was greater in Jones Creek, on « xe, than in Crow Creek (table 1), as was reach-average bankfull width of pools 
(Wp). However, the rank-sum tesi :esults given in table | ignore the general relation of width to drainage area. 





In a simple linear regression model of W, drainage area (DA) explains 74.6 percent of the variance. Recognizing 
that differences in channel width aiso might be related to postfire increases in runoff (i.c., the difference between 
streams) and LOD loading (see table 2), expanded linear models were examined using stepwise selection. The 
selected mode! includes the number of large LOD jams (N.LGJAMS) and the dummy variable for stream identity 
(WS) as independent variables. The least-squares regression-fitted model, 


W = 5.97 + 0.0010*DA + 0.36°N.LGJAMS + 0.59°WS (1), 


explains 86.7 percent of the variability in average bankfull width with a residual standard error (RSE) of 0.90 m, and 
is highly significan: (fF = 32.57, p < 0.0001). The explanatory variables are cach significant: DA (t = 5.463, p = 
0.0001), N.LGJAMS (t = 2.788, p = 0.01338), and WS (t = 2.653, p = 0.0181). Bankfull width of Jones Creek is 0.59 
m (with 0.22 m standard error) greater (or 6.6 percent wider) than that of Crow Creek, after accounting for relations 
with drainage area and large LOD jams 


Bankfull widths of pools and riffles also were analyzed with m.:iple regression models including DA. For Wp, DA 
alone explains 50.4 percent of the variance, but pool width also 1s significant!y correlated with reach gradient (G, R, 
= 0.775), pieces of LOD per accumulation (PC_ACC, R, = 0.547), number o° LOD jams (NJAMS; R, = 0.518), 
pieces of LOD im jams (R, = 0.553), and percentage of LOD occurring  jame (PCT JAM, R, = 0.599). Stepwise 
selection indicated DA and reach gradient as the best pair of independent variables for explaining pool width, with 
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77.4 percent of variance explained with a RSE of 1.30 m. However, there is no significan' difference between 
streams in bankfull width of pools (p = 0.1970) after accounting for differences ir. drainage area and reach gradient. 


Table 1 — Summary of reach-average channel characterisiics in low-gradient reaches 


{Sample size is 10 reaches for cach stream, except that for channel width variab'c: sample size is 9 for Crow Creek and 10 for 
Jones Creek; COV, coefficient of variation (i.¢., standard d-viatio:; divided by mean).} 



























































Crow Creek Jones Creek p-value for 
= Variable rank-sum test of 
Channel characteristic name Mean | Median COV Mean | Median COV different 
(%) (%) modions 

Bankfull width (m) “W 89 86| 163] iti2| ti2| 213 0.0350 
Bankfull poo! width (m) Wp 98 98 14.5 12.4 126 22.7 0350 
Bankfull riffle width (m) Wr 87 8.2 144 106 97 203 0947 
Gradient (m/m) G 022 023 25.1 016 015 $12 1051 
Grain size on riffles, percent finer GS8 123 12.1 29.5 84 8.1 28.5 ois 
than 8 mm 
Grain size on riffles, percent from GS,256 76 54 86.5 11.7 116 70.4 2176 
128 to 256 mm 
Grain size on riffles, percent GS,256+ 2.1 0.7 136 62 40 123 2475 
coarser than 256 mm 
|Median grain size on riffles (mm) Rds 42 38 41.2 58 $0 458 1037 
Pool spacing, in channel widths SPAC.w 39 3.7 316 38 38 38.0 R534 
Residual pool mean depth (cm) D, 16 16 28.2 18 18 29.2 4813 
Residual volume per pool (m’) V, 42 34 82.7 64 58 823 3$27 
Ratio of pool fines volume to v*, 20 17 58.6 23 23 33.2 1S75 
residual volume 
Grain size of pool fines, percent GS,0.6 242 183 48.9 27.4 296 $2.4 7394 
finer than 0.6 mm 
Grain size of pool fines, percent GS,1.18 13.7; 3] 398] 39] 138) 353 4815 
from 0.6 to 1.18 mm 
Grain size of pool fines, percent GS,2.36 113 98 450 12.0 11.5 14.5 3445 
from 1.18 to 2.36 mm z= 
Grain size of pool fines, percent GS,2.36+ 50.8 544 %63 46.7 458 39 2475 
coarser than 2.36 mm 
Median grain size of pool fines P doo 3.5 30 599 2.2 18 49 3 0716 
mm) 



































For riffle width (Wr), DA alone explains 76.2 percent of the variance, but Wr «''so is significantly « urrelated with 
PC.ACC (R, = 0.585), NJAMS (R, = 0.656), JAM.100m (R, = 0.552), pieces of LOD in large jams (R, = 0.688), 
and PCT JAM (R, = 0.624). A multiple linear regression model using DA, N JAMS, PC.ACC, and WS as predictors 
explains 87.5 percent of the variance in riffle width with RSE of 0 90 m. The coefficient for WS (0.48 m, with 0.23 
m standard error) indicates the average width by which Jones Creek reaches exceed Crow Creek reaches’ average 
riffle width, after accounting for differences related to drainage area and LOD accumulations 


The reach-average gradient (G) data summary (table |) shows the mean for Crow Creek 
reaches is 0.022 m/m, versus 0.016 for Jones Creek, a marginally significant difference (t = -1.876, p = 6.0769). 
The third-order length of Crow Creek is |.3 km shorter than that of Jones Creek, its mouth is 52 m lower, and Crow 
Creek enters its third-order valley at an elevation 60 m higher than does Jones Creek; thus, the elevation change of 
third-order Crow Creek is 112 m greater than Jones Creek. GIS data for all third-order segments of each stream 
indicate average gradient of 0.038 m/m for Crow Creek versus 0.027 m/m for Jones Creek 


Bed Substrate on Rifles. For mean GSD on riffies, 90-percent confidence intervals (fig. 2) were computed 
pointwise for each mean percentage-finer break point individually, not as a simultaneous confidence interval 


Nevertheless, the 90-percent confidence intervals clearly overlap for all particle sizes greater than 10 mm, indicating 
no difference between streams. Reach-average GSD in riffles as summarized for seven size fractions (phi-unit 
intervals from 8 to 254 mm; results for 3 fractions listed in table |) showed no significant differences between 
streams, except for br fraction finer than 8 mm (GS,8), with Jones Creek riffles being fines-poor compared with 
Crow Creek. The largest differences in mean percentages by size fraction were for the fractions less than 8 mm, 
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from 128 to 256 mm, and larger than 256 mm in diameter, but variability among the reaches within in each stream 
was much greater for thz coarser fractions, as indicated by large coefficients of variation (table 1). 








Figure 2 -- Mean grain-size distributions on riffles of 20 low-gradient reaches (UCL and LCL are upper and lower 
limit, respectively, of 90-percent confidence interval). 


Median diameter of substrate on riffles (R.d,)) averaged 58 mm in Jones Creek reaches and 42 mm in Crow Creek. 
A multiple linear regression model explains 68.6 percent of the variability in R.dsp using reach gradient (G) and WS 
as independent variables, with RSE of 14 mm. WS is a significant explanatory variable (t = 4.64, p = 0.0002), 
meaning that R.dso for Jones Creek was 16 mm coarser (with 3.4 mm standard error) than that for Crow Creek, after 
accounting for differences in reach gradient. 

Pool Characteristics. For both streams, average pool spacing (SPAC.w) is about 3.8 times bankfull channel width 
(table 1). Most reaches have average pool spacing between 2.5 and 5 times bankfull width. Mean depth of residual 
pools (D,) is significantly correlated with reach gradient (G, R, = -0.802), percentage of channel length in pools 
(PctPool, R, = 0.779), and W (R, = 0.523), in addition to a marginally significant correlation with SPAC. (R, = - 
0.444, p = 0.0528). 


Residual volume of pools (V,) is significantly correlated with reach gradient (G, R, = -0.811, p = 0.0004). To obtain 
valid near regression models, the logarithm of V, was used as the dependent variable. The simple linear model 
using reach gradient as the independent variable explains 64.2 percent of the variance, with a RSE of 1.7 m’. 


Median reach-average ratio of residual-pool fine sediment volume to residual volume (V*,) is 0.17 for Crow Creek 
and 0.23 for Jones Creek (fig. 3). Rank correlations with V*, are significant for percentage of channel length in 
pools (PctPool, R, = 0.675), pool spacing (SPAC.w, R, = -0.636), D, (R, = 0.565), and V, (R, = 0.459). Multiple 
linear regression of V*, with pool spacing and WS indicates a significant inverse relation with pool spacing (t = - 
3.145, p = 0.0056), with no significant difference between streams (p = 0.7066). For both streams, where pools are 
closely spaced, they are more filled in by fine sediment at low flows. Multiple linear regression of V*, with D, and 
WS indicates a significant relation with D, (t = 3.0449, p = 0.0070), with no significant difference between streams 
(p = 0.7829). For both streams, deeper pools are associated with greater filling by fine sediment. Stepwise model 
selection resulted in the following preferred multiple linear model, which explains 57.2 percent of the variance with 
a RSE of 7.0 percent of V,. 


V*, = 0.013 + 0.0215*W + 0.0050*PctPool — 0.000039*DA (2). 
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The average size distributions of pool fines were summarized for four size fractions (table 1), but none of the rank- 
sum tests for differences between streams produced significant results. Median diameter of pool fines (P.dso) 
averaged 2.2 mm in Jones Creek reaches and 3.5 mm in Crow Creek. Rank correlations with P.d.) are significant 
for D, (R, = -0.869, p = 0.0001), G (R, = 0.840, p = 0.0003), V, (R, = -0.836, p = 0.0003), and V*,, (R, = -0.617, p = 
0.0071). Results of stepwise selection indicated that a simple linear model using reach gradient provided the best fit. 
The fitted model explains 64.2 percent of the variance in P.d;, with RSE of 1.2 mm. Addition of WS to the model 
does not improve its explanatory ability (p = 0.8257). Results for the GSD of pool fines indicate no difference 
hetween streams exists after accounting for the relation with reach gradient. 


LARGE ORGANIC DEBRIS 


Piece frequency and size. Overall, 970 pieces of LOD were inventoried in Crow Creek, versus 1,042 pieces in 
Jones Creek. The mean number per 100 m of channel (PC 100m) was 63.2 for Crow Creek and 61.5 for Jones 
Creek (table 2). Reach-average LOD diameter (DIA) for Crow Creek was 2.2 cm larger than that for Jones Creek, a 
significant difference (p = 0.0433). However, neither reach-average total piece length nor active-channel piece 
length for Crow Creek were significantly greater than that for Jones Creek (table 2). Based on medians, Crow Creek 
reaches average significantly greater total volume per piece (TVOL, p = 0.0262) and active-channel volume per 
piece (AVOL, p = 0.0376) than Jones Creek. 


Table 2 -- Summary of large organic debris (LOD) characteristics in low-gradient reaches. 
[Sample size is 10 reaches for each stream, COV, coefficient of variation (i.¢., standard deviation divided by mean).} 

































































Crow Creek Jones Creek p-value for rank- 
LOD characteristic Variable name | Mean | Median! COV | Mean | Median! COV sum test of 
(%) (%)  |different medians 
per 100 m of channel PC.100m 632] 611; 271) GIST S04) 467 0.4961 
Mean piece diameter (cm) DIA 219| 214] 103| 197] 189| 101 0433 
Mean piece length (m) LEN Tot 709] 710, 118] 669[ 650] 145 2799 | 
active-channel piece LEN Act 506) Sil 114] 502| 4.751 225 4813 
(m) 
otal volume per piece (m’) TVOL 0.36| 033] 217] 028] 026] 369 0262 
Active-channel volume per piece AVOL 250 23 22.8 206 195 496 0376 
) 
me volume per 100-m channel | TVOL.100m 224 21.6 25.2 18.9 13.8 776 1655 
AVOL. 100m iss i46| 290 142 89! 923 2176 
NANC 6 77) ~ 630 cr) 5 314 0262 
Pct ANC 545 545 24.7| 45. 475 218 0615 
“Wel ANC 16.2 149 $0.3 10.5 86 67.9 0615 
ACC. 100m 83 i) 313 $7 49 346 0170 
PC.ACC 65 65); 340 80 74| 326 1061 
ACC 80.2 82.2 11.7] 748 783 15.6 3073 
JAM .100m 15 15) 793 16 15] 609 8797 | 
PC JAM 19.7 17.7 3442 214 213 32.1 0992 
~ PCTJAM 408 453) S580) 525 $7.2 29.9 1537 






































LOD Loading. A multiple linear regression model for active-channel LOD loading (AVOL.100m) was fitted using 
W and WS as independent variables. The model fitted using all 20 reaches explained 45.1 percent of variance with 
a RSE of 7.5 m’ per 100-m length of channel, but site 93 was a large positive residual outlier. Excluding site 93, the 
trimmed mode! explains 35.9 percent of the variance with a RSE of 5.2 m’, and is significant (F = 4.48, p = 0.0284). 
The ditference between streams is significant (t = -2.881, p = 0.0109), indicating that the LOD loading in Crow 
Creek is 4.0 m’ greater (with 1.4 m’ standard error) than that in Jones Creek, after accounting for channel width 
differences. Variability in LOD loading among the reaches of Jones Creek was much greater than that for Crow 
Creek (table 2). This reflects both a greater tendency for Jones Creek reaches to have small loadings if they had few 
large jams, and the influence of site 093 at the mouth of Jones Creek, which had 7 large LOD jams and the largest 
LOD loading of any study reach. 
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Piece Anchoring. Frequency of occurrence decreased with increasing number of anchors, from 1,008 pieces 
without anchoring to 89 pieces with 3 or more anchors. As indicated by mean number of anchors per piece 
(N.ANC, table 2), LOD in Crow Creek is better anchored, on average, than that in Jones Creek (p = 0.0262). 
Percentage of pieces being anchored (Pct.ANC) or well-anchored (more than one anchor, Wel ANC) is greater for 
Crow Creek, but with only marginal significance (p = 0.0615). 


LOD Accumulations and Large Jams. More than 75 percent of LOD pieces inventoried were in contact with 
another piece. The number of debris accumulations per 100 m lengih of channel is greater in Crow Creek than in 
Jones Creek (table 2; p = 0.0170), though the Crow Creek accumulatio:. nd to be smaller (mean of 6.5 pieces 
versus 8.0 pieces; table 2). 


The number of ‘arge jams (accumulations of 10 or more pieces) ranged from ° io 3.3 per 100 m for Crow Creek and 
from 0.5 to 3.6 per 100 m for Jones Creek. Piece counts of debris per large jam were marginally greater in Jones 
Creek than in Crow Creek (median of 21.3 versus 17.7; p = 0.0992). 


DISCUSSION 


Increases in channel width and riffle substrate coarseness confirm theoretically predicted channel responses to 
‘ creased runoff following burning of the riparian and hillslope vegetation. The increase in streamflow was most 
pronounced on the rising limb of the snowmelt hydrograph (Troendle and Bevenger, 1996), which may correspond 
to increases in soil moisture (due to postfire transpiration reductions) that are likely greatest from late summer until 
spring snowmelt is underway. Earlier timing of peak snowmelt due to loss of forest cover also contributes to the 
differences in spring runoff. 

A large slope failure in 1996 affected an area of tens of hectares and deposited debris across the flood plain and 
directly into Jones Creek. Also, postfire debris flows were evident in several tributaries to Jones Creek (M.E. Smith, 
U.S. Geological Survey, Cheyenne, Wyo., unpub. data, 1989; personal observ.). The sediment inputs from these 
events may have reduced the channel cross-sectional area and contributed to bank erosion and channel widening 
(e.g., Ryan and Grant, 1991). Smaller LOD jams in Crow Creek may correspond to less flow deflection, greater 
bank stability, and narrower bankfull width. At several very large LOD jams in Jones Creek, recent bank erosion 
and channel widening were apparent. Thus, the wider channel of Jones Creek appears to be the result of multiple 
postfire conditions: increased runoff, increased sediment inputs, flow deflection by enlarged LOD jams, and decay 
of stabilizing forest-root mat. 


Although the rank-sum test result for difference between streams in V*, (table 1) was not significant, the data 
suggest that two outliers in the Crow Creek data (sites 171 and 179) cause the insignificant result. Site 171 has the 
gentlest average gradient among the Crow Creek study reaches and is part of an aggradational segment just upstream 
of a trioutary fan that extended across the valley floor about 25 years ago (based on aerial photographs, and from the 
cize of the even-aged stand of lodgepole pines covering the fan). The reach gradient of site 179 is at the 25° 
percentile for studied reaches of Crow Creek, and the reach is immediately downstream of the mouth of a tributary 
that is actively headcutting its incised channel into a fan deposit. If the conditions at these two reaches are excluded, 
being responses to site-specific anomalies, then the rank-sum difference becomes significant (p = 0.0171). One 
might conclude regarding the general condition of the study streams that pool filling with fine sediment is greater in 
Jones Creek, likely as a result of increased fine-sediment puts following wildfire. However, these anomalous 
reaches suggest that local disturbances of small magnitude with occurrence intervals of a few decades can have 
measurable impacts at the reach or segment scale in Absaroka streams, even in the absence of recent wildfire. 


Smaller average piece size of LOD in Jones Creek reflects increased loading from younger, fire-killed trees. Many 
burned trees are still standing, but ot strength is common. Young (1994) reported a larger mean diameter for 
Jones Creek than for Crow Creel * (in the downstream segment of each stream). However, his results also 
show that Jones Creek LOD ter ~ .ot to be in younger apparent-age categories and was more commonly in a 
rotted condition than Crow Creek debris, suggesting that much of the Jones Creek LOD he measured was older, pre- 
fire debris. To further compare the 1999 dz_a with Young's results, data were summarized for the downstream study 
reach of each stream for LOD having diameter of at least 15 cm. Mean piece diameters of 24 and 27 cm for Crow 
and Jones Creek, respectively, reported by Young (1994) are similar to the 27 and 25 cm mean diameters, 
respectively, measured in 1999. Young's 1990 piece counts of 32 and 15 pieces per 100 m for Crow and Jones 
Creeks, respectively, contrast with 31 and 76.5 pieces per 100 m in 1999. However, Young included only LOD in 
or above the wetted channel, whereas the 1999 data included nonwetted active channel areas, undoubtedly 
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accounting for much of the difference im piece frequency for Jones Creek's widened downstream reach. But 
increased LOD inputs since 1990 also appear likely, given that the minimum frequency of 15-cm or larger LOD 
among Jones Creek reaches was 21 per 100 m in 1999. Field evidence was noted of snow avalanches having 
delivered large numbers of burned trees locally into Jones Creek, in addition to those from windthrow, bank erosion, 
LOD was better anchored and more frequently occurred in small accumulations in Crow Creek. The most common 
type of LOD anchoring observed in these streams was attachment by roots. Root decay of fire-killed trees probably 
contributes to less frequent anchoring of LOD in Jones Creek, as does the larger percentage of pieces occurring in 
large jams, compared with Crow Creek. Although LOD mobility was not measured in 1999, the differences in 
measured characteristics and loadings suggests strongly that LOD mobility continues to be greater in Jones Creek, as 
was reported for 1990 by Young (1994). 

The analysis phase of this study continues; other conclusions may be premature at this time. This and other studies 
of the effects of wildfire on channel characteristics and LOD will increase understanding of the magnitude and 
duration of longer-term fire effects, post-disturbance recovery rates, and the role of wildfire in landscape evolution. 
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INTRODUCTION 


Tellico Creek is a tributary of the Little Tennessee River, in the southern Appalachian Mountains 
in western North Carolina. Headwater reaches, starting at the Appalachian Trail, consist of 
stream types A and A+; lower reaches, including our study area, are B3a channels. The region is 
largely forested, with limited agriculture. Water quality is generally very good: specific 
conductance is low (7 to 20 umho/cm); total alkalinity is low (2.0 to 4.6 mg-CaCO3/L); and 
nutrient concentrations are low. Total suspended solids (TSS) have been monitored at up to 
eight sites in the 1591-ha (6.05 sq mi) Tellico Creek study area since 1990, as part of Duke 
Power Company’s erosion control assessment program for transmission lines. Construction 
activity such as clearing tower sites and building or upgrading access roads in this area of high 
rainfall and rugged terrain poses significant potential for erosion and for sedimentation impacts 
to surface waters. North Carolina’s Division of Water Quality (DWQ) has identified 
sedimentation as the biggest threat to mountain streams. 


An earlier study documented the successful use of construction BMP’s, and the subsequent 
reduction of stormflow sediment ccacentrations. BMP’s to improve and stabilize roads (such as 
installing culverts and broad-based dips, maintaining silt fences to reduce off-site sediment, 
promptly seeding disturbed areas, and respecting vegetated buffei zones along the creek), all 
contributed to successful completion of the transmission line project (Siler, et al., 1995). 
However, lower reaches of the creek, including a major aquaculture operation, remained subject 
to sediment concentrations exceeding 10,000 mg/L after the initial program. A small family 
farm was identified as the source of 90% of the stormflow TSS. The current study focuses on 
that farm, and on three sampling sites (Figure 1): Upper Tellico and Sugar Cove Creek (the main 
stream and a major tributary, both just above the farm), and Lower Tellico (just below the farm, 
and also below the confluence of Tellico and Sugar Cove Creeks). A cooperative program 
between stakeholders was initiated in 1994 to address the agricultural impact to the stream. The 
study objective was to eliminate the 90% of stormflow TSS estimated to originate on the 
agricultural property, so that the quantity of sediment leaving the farm would be no greater than 
the quantity of sediment entering the farm from upstream. 


METHODOLOGY 
Best management practices (BMP’s) were applied to the farm that was identified as a significant 
source area for suspended sedirient in Tellico Creek. The BMP’s included fencing cattle from 


the stream; installing a steel bridge for pasture access; installing a gravity-fill watering tank on a 
gravel pad; creation of a settling basin between a garden and the creek; and some minor 
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landscaping to improve runoff patterns on the farm. Streambank erosion was not judged to be a 
problem, and riparian areas inside the fencing were allowed to vegetate naturally. 


Three monitoring sites are addressed in this study, relative to the agricultural focal point: The 
Upper Tellico (UT) site is located above the farm, 492 m above the Lower Tellico (LT) site, and 
385 m above the confluence of Tellico and Sugar Cove creeks. The Sugar Cove Creek (SC) site 
is also above the farm, 407 m above LT, and 300 m above the confluence of Tellico and Sugar 
Cove Creeks. The Lower Tellico (LT) site is 107 m below the confluence of Sugar Cove and 
Tellico Creeks, and 33 m above the uppermost raceways of a major trout-rearing operation 
(Figure 1). The confluence of Tellico and Sugar Cove Creeks is located at approximately 35 16’ 
34.5” N. Lat., 83 31° 56.3” W. Long. 


Figure 1. Tellico Creek watershed: study area includes sub-basins 2 (Upper Tellico, 632 
ha); 3 (farm area above Lower Tellico, 83 ha); and 4 (Sugar Cove, 876 ha). 
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From 1990 to 1996, baseflow samples were collected with a depth-integrating sampler (US DH- 
75P), in duplicate, at approximately twice-monthly intervals, using the equal-transit-rate method; 
they were composited from at least ten verticals across the stream by the equal-width-increment 
(EWI) method (Guy and Norman 1970; Vanoni 1977). From 1996 to 1999, single baseflow grab 
samples were collected biweekly, from the relatively shallow (6 to 10 inches), well-mixed riffles; 
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this change was instituted for time and cost savings, and in consideration of the consistently low 
baseflow TSS concentrations. A vertical series of single-stage suspended sediment samplers 
(US U-59B) was employed to automatically collect representative TSS samples on the nsing 
stage of storm hydrographs, when erosion and worst-case sediment impacts were most likely to 
occur. These stormflow samplers were designed for automatic collection of samples in remote 
areas, where adequate sampling by other means is impracticable (Interagency Committee 1961). 
For purposes of this report, “baseflow samples” refers to the depth-integrated or grab samples 
collected manually at the given stream stage on the date of site visits; “stormflow samples” are 
the single-stage samples collected automatically on a rise in stage from baseflow. 


Stream stage and the stages at which each of the single-stage samplers filled were measured to 
the nearest 1/4 inch, against a fixed stake to which the samplers were attached. Depending on 
the spacing of single-stage samplers on the stake, and hence the desired degree of accuracy, peak 
flood stages could usually be estimated within 2 to 3 inches (e.g., the midpoint between the 
highest filled and the lowest unfilled samplers). When all samplers were filled (or destroyed), 
peak flood stage was estimated if possible by observation of scouring levels or debris deposits. 


Sediment concentrations were analyzed according to EPA-recommended standard methods. The 
analytical detection limit was considered to be 4 mg/L TSS, and any sample concentrations <4 
mg/L were recorded as 4 mg/L. Subsampling has proven to be inaccurate for samples with 
extremely high TSS concentrations; therefore, for such samples the entire sample was analyzed 
to determine the sediment concentration. Sampling procedures included Duke Power Company 
QA/QC guidelines, and chain of custody records, for state-certified laboratory analyses. 


Suspended sediment concenirations at SC and UT were weighted by discharge to estimate 
delivery to the farm. Relative to discharge at LT, discharge at SC contributed an average 63.7% 
(S.D.=3.4) and discharge at UT contributed an average 33.9% (S.D.=4.7); the remaining 2.4% 
originating on the farm was not monitored. Theoretical suspended sediment delivery to the farm 
(0.652 SC + 0.347 UT) was compared to estimated sediment leaving the farm (at LT); the 
difference was considered to indicate the role of the farm as a sediment source or deposition 
area. Relative to the entire study area (above LT), the sub-basin area above SC was 55.1% and 
the area above UT was 39.7%. Therefore, relative to Site LT, the farm property where 
agricultural BMP’s were applied contributed just 5.2% (83ha) of the total study area (1591ha), 
and an average 2.4% of discharge. 





RESULTS 


A total of 856 baseflow samples (280 to 292 per site), and 524 stormflow samples (152 to 189 
per site) was collected. From the baseline period (Nov 1990 to Mar 1994) through the period of 
post-BMP monitoring (May 1995 to Mar 1999), mean baseflow sediment concentrations at UT, 
SC, and LT decreased from 16.5 to 7, 6.5 to 5.4, and 8.5 to 6 mg/L, respectively. From the 
baseline to post-BMP period, mean stormflow sediment concentrations in the control watershed 
(SC) increased over five-fold, from 108 to 531 mg/L. At UT, mean stormflow sediment 
increased over eight-fold, from 282 to 2400 mg/L; and below the BMP work, at LT, it increased 
only 30%, from 1340 to 1740 mg/L (Table 1). 
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Table 1. Average stormflew suspended sediment concentrations (TSS, mg/L), before and 
after application of best management practices (BMP’s). 
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A sediment transport assessment indicated tiat 87% of stormflow sediment originated on the 
farm before BMP’s; this dropped to 62% originating on the farm during the BMP application 
period, and dropped further to 32% for the post-BMP period, based on mean sediment 
concentrations (Table 2). Of three storms analyzed individually, a pre-BMP storm in 1991 
indicated that 99% of stormflow sediment originated on the farm; and post-BMP storms in 1995 
and 1999 indicated that between 25 and 38%, respectively, of stormflow sediment originated on 
the farm (Table 2). The change in magnitude of component TSS values indicates that the 
percentage attributed to the farm may not be the best measure. While 37.6% of the TSS at LT 
during the 1999 storm event was attributed to the farm as a source area, that excess from the 
farm was a mere 19 mg/L in 1999, as opposed to 3583 mg/L from the farm during the 1991 
storm event. Comparing TSS concentrations during these two similar-magnitude storm events 
(Table 2), there was a 99% reduction in TSS (mg/L) attributable to the farm. Two major floods 
were also compared: the flood of April 1994, in which the farm reach aggraded significantly, and 
a 1998 flood in which the farm served as the source of an estimated 61% of the downstream 
BMP period at LT, this was primarily due to the 400% increase at SC and 750% increase at UT. 
While much of the sediment leaving the farm is now attributed to new upstream sources, it is 
also suspected that some sediment still originating on the farm (post-BMP’s) may in fact be due 
to unsampled road runoff, rather than farm runoff, that comprised the unmonitored 2.4% of LT 
discharge delivered to the stream just above LT. 


Table 2. Discharge-weighted contributions of average stormflow TSS (mg/L) from 
upstream sites, compared to actual TSS at Lower Tellico, to estimate the percentace of TSS 

















originating on the farm. 
Baseline Interim  Post-BMP | Onestorm Onestorm One storm 

Date(s): 1990-94 1994-95 1995-99 3-5-9] 10-16-95 2-3-99 
"From UT 99 761 840 2 2050 14 

From SC 70 146 345 21 301 18 

UT +SC 169 907 1185 43 2351 31 

Actual LT 1339 2361 1736 3626 3115 50 

From Farm 1170 1455 551 3583 764 19 

arm as % 
of LT TSS 87.4 61.6 31.7 98.8 24.5 37.6 

















Analysis of the frequency distributions of stormflow sediment concentrations reinforced the 
conclusion that while the agriculture BMP’s were effective, the UT and SC basins both 
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deteriorated during the study. From the baseline to post-BMP period, the median stormflow 
sediment concentration, C50 (50% of samples being greater than the given concentration), at SC 
increased from 60 to 124 mg/L; and at UT it increased from 103 to 125 mg/L. Water quavity 
below the BMP work, at LT, improved as the median concentration decreased from 159 ts 94 
mg/L (Table 3). While the C80 at SC increased from 24 to 38 mg/L, at UT it was similar (40 
and 36 mg/L), and at LT the C80 decreased from 44 to 29 mg/L. Similarly, on the high end of 
concentrations, the C20 at SC increased from 182 to 365 mg/L; at UT it increased from 325 to 
2900 mg/L; and at LT the C20 decreased from 1960 to 1050 mg/L. Only the highest 5% of 
samples increased significantly at LT following BMP’s. Before BMP’s, the ranked stormflow 
TSS concentrations at the three study sites demonstrate the relatively degraded water quality at 
LT attributed to the farm area. After BMP’s, the distribution of stormflow sediment 
concentrations indicates that LT is very similar to UT and SC; this is due to a combination of a 
reduction in sediment sources on the agricultural property, as well as degradation of the waters 
coming onto the farm from UT and SC. 


Table 3. Summary of frequency distributions of stormflow TSS concentrations (mg/L), 
before and after BMP’s. (Note: the C-categories indicate the “percentage of samples 
greater than”. For example, for C80 = 44, 80% of the samples were greater than 44 mg/L) 























s C95—i(is9H—“‘<t;séBWOD C50 C20—t—‘é‘C*L1D C5 N= 
Baseline 
sc 8 15 24 60 182 255 420 92 
UT 19 24 40 103 325 860 1700 64 
LT 15 20 44 159 1960 3600 6100 101 
Interim 
sc 26 30 100 135 340 560 760 19 
UT 45 60 81 280 5200 9000 >10000 15 
LT 67 70 120 787 5600 6500 9000 22 
Post- 
sc 16 28 38 124 365 1350 3500 72 
UT 15 20 36 125 2900 8000 >10000 73 
LT 15 22 29 94 1050 3500 >10000 66 














The channel materials at the study reaches reflected a common trend towards an increase in the 
relative occurrence of finer materials at downstream sites. The DS0 at LT was 92mm, compared 
to 150mm at UT and 140mm at SC. Topography of the Tellico watershed is largely high 
gradient, and the farm reach above LT is the highest elevation in the watershed where 
agricultural activities might be expected. The valley floor first starts to broaden here, reflecting 
past alluvial deposits. Nevertheless, even the LT site was dominated by cobble (47%) and gravel 
(37%), with only 7.4% sand and finer. 


A rough hydrograph was generated for each site (¢e.g., Figure 2), based on the measured stream 
Stages on the given dates of site visits, and the estimated peak stages between site visits (i.c., the 
midpoint between the highest bottle filled, and the next-higher bottle unfilled). This gives a 
convenient overview of the relative frequency and magnitude of storm events, which were 
similar during pre- and post-BMP periods. The drought conditions in 1993 and again in 1998 are 
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particularly apparent. The latter drought continucd io record low-flow conditions throughout 
westem North Carolina in 1999. Field identification of bankfull stage at LT, corresponded to the 
depth reading of 28 inches on Figure 2. Although the peak stages are rough estimates (usually 
+/- 2 to 3 inches), the bankfull stage at LT appears to have been met or exceeded at least six 
times over the study period. Thus, the LT site was apparently consistent with the bankfull 
regional curve for North Carolina mountain streams (Harman, et al. 2000), and demonstrated an 
approximately |.3-year return interval for bankful discharge 


Figure 2. Baseflow reference depth and stormflow rise (inches) at Lower Tellico. 
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DISCUSSION 


Duke Power Co started monitoring stormflow suspended sediment in 1989 as part of an erosion 
control assessment program for transmission line construction in the southern Appalachians. 
Approximately two-thirds of the water pollution in the southern Appalachians is attributable to 
nonpoint sources (SAMAB 1996); siltation cffected 45% of impaired stream miles, and 
agriculture as a source accounted for 72% of rivers that were impaired. Duke's monitoring 
program focussed on TSS as a key water quality variable, and single-stage samplers were used to 
collect representative samples on the rising stage of storm hydrographs, when crosion and worst- 
case sediment impacts were most likely to occur. The single-stage samplers were inexpensive (- 
$5 materials per sampler; < $50 total cost per site), allowing us to install monitoring sites on 
dozens of streams, and sometimes at dozens of sites within a given basin. The program provided 
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prompt feedback to field crews for rapid stabilization of any problem areas indicated after cach 
storm event, or for timely consideration of supplemental aquatic chemistry and/or biological 
monitoring. At times, such as with Tellico Creek, we could cooperate with other stakeholders to 
address pollutant source areas that had been identified and localized. Thus, this Tellico Creek 
study carried the single-stage monitoring protocol beyond our onginal injent, in part to maximize 
the utility of the data, and also to further evaluate the suitability of these methods for identifying, 


The variability in stormflow suspended sediment concentrations at all study sites may in part be 
due to the high gradient valley and the channel types, and the variety of sources of fines. The 
channel itself did not serve as a moderating “reservoir” for fines. While single-stage suspended 
sediment samplers are most effective for collecting medium sands and finer particles, the total 
sand fraction of the substrates in the study area ranged from just 3.4 % sand and finer at UT to 
7.4% at LT. Fines delivered to the stream during storm events were expected to remain in 
suspension throughout the study area, and relatively well-mixed throughout the water column. 
Point samples collected on the rising stage should therefore accurately reflect actual changes in 
stormflow sediment concentrations. In some cases of extreme events during this study, 
oversampling was likely, due to excessive velocities, and in several cases, the sampling 
equipment was simply destroyed in the flood. 


The increased TSS above the farm was primarily responsible for the increased average 
concentration at LT. Activities above the SC and UT sites that are likely responsible for the 
increased sediment transport include road maintenance, development activities on private 
property, and small-scale logging, in addition to natural disturbances such as fallen trees and 
landslides. The unmonitored 2.4% of LT discharge that came from a small tributary, which 
drained road runoff and ran through the former pasture, may also have been an important 
sediment source. B3 channels, such as Teilico and Sugar Cove, are considered to have a low 
sensitivity to disturbance, low sediment supply, low streambank erosion potential, and excellent 
recovery potential (Rosgen 1996). With agriculture and possibly road runoff as the primary 
concentrations and discharge (R-squared = 0.01), before or after the BMP’s. Tellico Creek is a 
good subject for the comment by NCASI (1999) that “discharge is not necessarily a good 
predictor of sediment transport rates. Sediment rating curves tend to be most effective for 
bedload transport in sand-bedded streams, and are less appropriate in situations where the 
entrainment of particles is not readily predictable and sediment transport rates are highly 
dependent on sediment inputs from outside the immediate channel”. 


Catastrophic rainfall and flooding in April 1994 obliterated several sampling stations; caused 
landslides, road slumping, high runoff, and extreme headwater channel erosion; and resulted in 
record high TSS concentrations and sediment transport throughout both the experimental 
watershed and the paired control watershed. Point samples of TSS in Tellico Creek exceeded 
100,000 mg/L. Sugar Cove Creek, the paired control stream, reached nearly 45,000 mg/L TSS, 
compared to a maximum of 870 mg/L and a mean of 126 mg/L among 92 storm samples over the 
preceding 42 months. Lower Tellico Creek (below the farm study area), served as a deposition 
reach in which the streambed aggraded about six inches. Although such natural disaster-type 
events may be relatively infrequent, they certainly hold the potential to greatly exacerbate, if not 
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exceed, the damage from existing anthropogenic impacts. State and federal agencies which 
compile lists of sources cz causes of sediment impacts, should consider including a “natural” 
category, to keep impacts :rom human activities in their proper perspective. 


CONCLUSIONS 


Construction BMP’s and agricultural BMP’s were both shown to be effective in reducing 
stormflow sediment concentrations. However, the reduction in farm-source TSS was more than 
offset by increased TSS from above the farm. The apparent deterioration in water quality 
upstream from the farm, even in our paired control watershed, should remind us that we will 
never achieve a restoration of desired water quality, if we do not give equal and ongoing 
attention to prevention of future water quality impacts. Although stormflow sediment 
concentrations were extremely variable, long-term use of single-stage samplers seems to be a 
very cost-effective means of monitoring suspended sediment, localiziny sediment source areas 
within a watershed, and assessing the effectiveness of erosion control efforts and best 
management practices. 
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LANDSCAPE APPROACH TO SEDIMENT CONTROL 


By: Thomas E. Davenport, National Nonpoint Source Pollution Expert, United States 
Environmental Protection Agency, Chicago, Illinois; Lyn Kirschner, Water Quality 
Specialist, United States Department of Agriculture, Conservation Technology Information 
Center, West Lafayette, Indiana 


Abstract: States report that about 40 percent of the waters they assessed, do not meet water 
quality goals. About half of the nation's over 2,000 major water bodies have serious or moderate 
water q'tality problems. Among all pollutants afflicting streams and rivers in the United States, 
sedimet.i is by far the greatest in terms of volume. There are a multitude of anthropogenic 
sources of sediment that are likely to enter and degrade our nation's water resources. Agriculture 
in its several forms is by far the largest generator of sediment. Tne present approach of 
addressing agricultural sediment sources on a site-by-site basis has not been totally effective and 
in a number of cases has resulted in further degradation downstream. For environmental purposes 
v e need a landscape approach for comprehensively addressing sediment pollution. This approach 
must include a combination of activities that promote the prevention, mitigation and treatment of 
sediment pollution To compliment the landscape appreach a new way to prioritize areas within 
the landscape needs to be adopted that is based upon site-specific conditions and takes in to 
account the potential for causing off-site impacts. Utilizing the landscape approach and this new 
prioritization process together, we can focus available resources and implement effective 
strategies to solve sediment related problems. This paper will a present a landscape approach to 
sediment management on a watershed basis, focusing on agriculture, and a technique by which to 
prioritize management efforts based upon potential off-site impacts. 


INTRODUCTION 


Agriculture is the most widespread nonpoint source of water pollution across the nation. The 
most severe agricultural related problem is soil erosion resulting in siltation (USEPA, 2000). 
Nationwide approximately half of the total sediment delivered to lakes and streams is from 
cropland. The runoff from agricultural lands, carrying large amounts of sediment scours the 
stream channel, alters the character of the stream, and affects aquatic life impairing functions 


such as photosynthesis, respiration, growth and reproduction. 


Erosion is defined as the detachment and movement of soil or rock fragments by water, wind, ice 
or gravity. Sediment is defined as solid materials, which have been transported from their place 
of origin by erosion. There are six principal types of water erosion on cropland: |) natural, 2) 
gully, 3) cropland ephemeral gully (mega rill), 4) mill, 5) sheet, and 6) splash. Figure | shows the 
erosion and deposition occurrence in a watershed. Soil erosion has several major consequences: 
1) the original sites of the eroded material are degraded, therefore potential productivity is 
lessened; 2) the sites of deposition of the soil particles are altered physically, chemically and 
hydrologically, and 3) the chemical and physical nature of the transporting water resource is 
affected. One of the long-term effects of soil erosion is the entry of phosphorus and pesticides 
attached to eroded soil particles in waterways. Degradation of productive capacity of agncultural 
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land results in depletions of yield that must be offset with additional inputs of fertilizer 
SOIL EROSION PROCESS 


Soil erosion is a natural phen meno: that har occurred since soils were formed. Water is the 
most widespread agent of «:.>'and erosion and accounts for the bulk of sediment transported 
(Gottschalk, 1964). Erosion an. scdunentation by water involve the processes of detachment, 
transport, and deposition of sot! particles (Foster, 1982). The major force initiating soil 
detachment is derived from the impact of falling raindrops. Precipitation detaches surface soil 
particles by raindrop impect and runoff transports particles to points of deposition. Detached soi! 
particles are transported off-site or flushed into surface pores, thus plugging soil pores and 
reducing soil infiltration capacity. Reduced infiltration results in higher quantities of overland 
flow at which point energy for transportation of soil particles increases and can be related to the 
kinetic energy of moving water. The depth and velocity of the moving water increase downslope, 
as more water is generated by precipitation, until the force applied to the soil by the water is 
sufficient to exceed the resistance of soil to erosion, then sheet erosion occurs. This generally 
occurs uniformly from every part of the slope. The greater the kinetic energy of the moving 
water the more crosive the overland flow. The moving water creates tiny gullies, which are 
irregularly dispersed. This is called rill erosion. Rill erosion occurs often on soils that are left 
unprotected by either a crop or crop residue. Where the volume of water is concentrated, the 
formation of large or smali ravines by undermining and downward cutting occurs. This is called 
gully erosion. While all types of erosion may be serious, the losses due to sheet and rill erosion 
are the most important from the standpoint of soil quality and crop production. 


CONTROL OF SOIL EROSION me | 


The traditional method of controlling agricultural sediment pollution is by the voluntary 
implementation of vanous practices that contro! soil erosion at its source. Most programs used to 
control agricultural nonpoint source pollution are modeled after the traditional agricultural 
stewardship efforts that focus on in-field conservation practices based on a landowner/operator’s 
interest and operational constraints. It is important to note, the implementation of various 
conservation practices does not eliminate soil erosion, but lowers soil loss rates thus improving 
water quality. Physically and eccnomically, it is impractical to eliminate all sediment from 
surface waters. Resource Management Systems (RMSs) are the combination of conservation 
practices that can be implemented by individual landowner/operator that would reduce soil 
erosion to more tolerable losses. While the erosion process can be complex the principles for 
controlling soil erosion are relatively simple. 


RMSs can be divided into two classes. The first, cultural practices are non structural in nature. 
This group includes; conservation tillage systems, crop rotations, filter strips, contouring and 
strip cropping. The second group consists of structural practices, which usually require off-farm 
equipment for construction. The practices include: terraces, diversions, grassed waterways, and 
sediment basins. Economically, the two classes of practices can be distinguished on the basis of 
both initial and recurring cost. Structural practices are characterized by relatively high initial cost 
and lower annual cost, representing the cost of maintenance. Cultural practices, such as 
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conservation tillage systems are dependent upon the costs of the annual inputs and equipment 
requirements. 


The traditional planning approach for soil erosion control is to design an RMS that manages the 
soil to the tolerable soil loss limit (T), taking into account the planned crop rotation and 
addresses the predominate condition of the individual field. This results in some parts of the field 
being over managed and others under managed for soil erosion control. Individual RMSs must: 
control erosion, minimize environmental impact and be practically and economically sound by 
decreasing the volume and energy of runoff water by increasing crop residues. 


FIELD LANDSCAPE 


Landscape zones differ from one another based on the consistent pattern formed by their 
structured elements, and the predominant land management approach needed. The movement of 
material, energy and organisms between landscape zones is dependent on the movement of 
water. Landscape analysis considers the spatial juxtaposition and dynamic interaction between 
potential cropland erosion and runoff processes in the context of the water quality of the 
landscape for each field. Field landscapes can be divided into general categories based upon 
topographic characteristics and potential erosion types. Figure | landscape zone profile. The 
upland zone is characterized as being relatively flat less than 2% slope, ideally with permeable, 
well drained soils and the absence of sheet erosion. The relative magnitude of the eroding forces 
of sheet erosion is usually less than the resistance of the soil. Raindrop splash erosion does occur 
in the upland zone. The transition zone has slopes greater than 2%, ideally with well-drained 
soils. This zone can have a combination of sheet, rill and gully erosion, including those by 
natural erosion. In addition to raindrop splash, gravity and overland runoff cause erosion. 
Riparian Zone has a slope of 2% or less and is adjacent to a watercourse or drainage network. 
Soils generally are poorly drained to hydric and are characterized by being inundated by 
floodwaters at some interval and/or low permeability. The upland and riparian zones are typically 
the most productive for rowcrop production. 
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Figure 1: Landscape Zone Profile 
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Figure 2 shows a watershed with landscape zones. Individual fields can be solely in one zone or 
multiple zones. There can be up to three landscape zones within a field: upland, transition and 
riparian. 
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LANDSCAPE APPROACH 


Using site-specific farming, the basic principles of the erosion process and landscape zone 
characteristics, a landscape approach to addressing soil erosion and sediment problems can be 
implemented. For each landscape zone a soil erosion/scdiment management approach is 
established. This level of management becomes the minimum that is acceptable for cropland 
within that zone. Table 1 shows the concept developing management approaches by zone. 


Table 1: General management approach by landscape zone. 


Landscape zone/management goal. 

Upland Zone: source control 

Transitional: source control and manage pollutant transport 
Riparian: source control, manage pollutant transport and treatment 


Source control focuses on reducing the detachment of soil particles by rainfall and overland 
runoff. The overall goal of an RMS designed for this purpose would be to limit the amount of 
bare soil exposed to rainfall and runoff. Residue management reduces rain splash erosion and 
reduces overland flow by encouraging deposition. 


Manage pollutant transport focuses on reducing and managing overland runoff. The overall goal 
of an RMS designed for this purpose would be to reduce the runoff energy, quantity and length 
of overland runoff. These RMSs either alter the runoff through increased infiltration and/or 
slowing the flow of water to reduce the velocity. 


Treatment focuses the removal or remediation of nonpoint source pollutants. Planning and 
implementation of RMSs for this purpose focuses on creating sinks for sediment moving off 
agricultural fields. These sinks must be capable of intercepting sediment and must support one or 
more of the processes that remove sediment associated pollutants. The two key factors that must 
be considered are: (1) the capability of a particular area to intercept surface water borne sediment 
and (2) the activities of different pollutant removal processes. These RMSs are usually 
considered off-field control techniques. The most commonly used off-field control practices are 
vegetative filter strips, riparian buffer zones and constructed wetlands. 
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Traditionally RMSs are designed for predominate field condition and for the expected rotation, 
different criteria are needed in the landscape approach. The new criteria need to focus on 
designing RMS that are zone specific and address the maximum sediment production period of 
an individual rotation rather than the average condition for the rotation and focuses on meeting 
off-site environmental goals rather than “T” values. Within cach zone RMSs need to be designed 
so that they alter water runoff, provide cover for soil, and change the water absorption capacity 
of soil, rain splash energy, and soil structure. Table 2 shows the total amounts of soil erosion and 
water runoff with varying tillage systems in an lowa small watershed, natural runoff study. 


Table 2: Hydrologic effects of conservation tillage 





Tillage Soil Erosion Water Runoff 
Tons/Acre Gallons/Acre 
Year I 
Moldboard Plow 7.3 43,700 
Ridge Till 1.4 21,400 
No-Till 0.5 23,500 
Year 2 
Moldboard 23.1 87,600 
Ridge-Till 10.1 58,800 
No-Till 0.8 40,600 
Year 3 
Moldboard Plow 7.7 37,400 
Ridge-Till 3.2 32,000 
No-Till 1.6 34,200 
CONCLUSIONS 


With the advances in precision farming and our increased ability to provide site-specific 
management a landscape approach to soil erosion control and sediment management is possible. 
In order to increase our ability to manage and reduce off-site impacts, technical and financial 
assistance must be target to specific areas. Funding assistance should be limited to addressing 
implementing RMSs in the riparian and transitional zones, higher rates and greater funding limits 
need to available for implementation of RMSs in the riparian zone, in order to offset production 
losses and increased management. In addition to targeting assistance on a landscape basis, field 
planning should be revised to focus on the maximum sediment periods of a rotation rather the 
entire rotation, this will ensure that the worst case scenarios are addressed and an environmental 
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margin of safety is applied. 
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RETURN OF TWO GRASSED WATERSHEDS TOC CROP PRODUCTION 


Keith McGregor, Agricultural Engineer, USDA-ARS, Oxford, MS; John Schreiber, Soil Scientist, USDA- 
ARS, Oxford, MS; Robert Cullum, Agricultural Engineer, USDA-ARS, Oxford, MS; and Joseph Johnson, 
Agronomist, North Branch of Mississippi Agricultural and Forestry Experiment Station, Holly Springs, MS. 


Abstract: Two watersheds at Holly Springs, MS, were returned to row crop production in 1994, thus simulating the 
similar return of Conservation Reserve Program (CRP) land to row crop production. Runoff and sediment yield was 
very low before and after the return of the two grassed watersheds to row crop production. One watershed (WS-1) 
(1.3 ha) had predominantly Lexington silt loam soils on slopes of 5 to 10 percent and Memphis silt loam soils on 
other parts of the watershed. The other watershed (DB-i) (1.8 ha) had Memphis silt loan and Loring si!t loam soils 
on slopes of 2.5 percent and Providence silt loam svils on slopes of about 7.5 percent. The DB-1 watershed also 
contained shallow fragipan soils. No-till crops were planted between 6.1-m wide fescue grassed buffer strips in the 
spring of 1994 on both watersheds. Continuous cotton (Gossypium hirsutum) was grown on the DB-1 watershed for 
four years, but the watershed then was returned to grass because of the development of rills and small gullies. A 
corn (Zea mays)- cotton rotation was grown on the WS-1 watershed. The combination of no-till, cotton-com 
rotation, and grassed buffer strips provided good erosion control on the WS-1 watershed. Results from this study 
will be useful to conservationists and farmers considering returning idle-land to row crop production. 


INTRODUCTION 


Farmers participating in the Conservation Reserve Program (CRP) have converted erodible, cultivated cropland into 
grassed areas. As the land became eligible for release, some farmers have returned CRP lands back to crop production. 
Unless more soil conservation onented management practices are used with land returned to crop production than used 
prior to the CRP involvement, the land can be expected to eventually return to its previously crodible state. 


Simulated rainfall experiments were used to measure runoff and erosion from former CRP areas in Mississippi, 
Nebraska, and South Dakota (Gilley and Doran, 1998). The soil loss rates measured immediately following tillage at 
these locations were similar to values obtained on undisturbed CRP treatments (Gilley and Doran, 1998). Gilley and 
Doran found that the erosion-reducing effectiveness of the sod, when left in a fallow condition, appeared to have lasted 
less than one year. They attributed the rapid increase in soil erodibility following tillage to a reduction in surface cover 


Development of systems utilizing no-till planting into the sod preserves soil benefits gained during CRP years (Broorne 
and Triplett 1998). A combination of tillage and cropping practices that reduces the amount and frequency of tillage 
as much as possible while maximizing the amount of crop residues left on the soil surface effectively reduces erosion 
as compared to conventional-till. Crop residues left on the ground surface acts as surface roughness that imcreases 
to direct raindrop impact (McGregor, Mutchler, and Rémkens 1990; Foster and Meyer 1975. Corn (Zea mays) residue 
amounts are normally higher than residues from small grain, soybean (Giycine max L.), and cotton (Gossypium 
hirsutum) (Mannering and Fenster 1977). Shredding increases the total surface area of residue, which is an advantage 
in covering the ground surface. 

A cropping and management factor (C-valuc) for use in the Revised Universal Soil Loss Equation (RUSLE) is the ratio 
of soil loss from land cropped under specified conditions to the corresponding loss from tilled continuous fallow land 
(Wischmeier and Smith, 1978). Some C-values were computed from data measured on erosion plots under natural 
rainfall at Holly Springs, MS for over 30 years (McGregor et al., 1996). Some examples of tillage practices and cropping 
systems with low C-values included no-till corn and soybeans in a rotation system, no-till corn for silage and grain, 
reduced-till corn for grain, and conventional-till corn for silage and grain (McGregor, 1978; McGregor and Greer, 1982; 
and McGregor and Mutchler, 1983). 


Tillage history affected erosion at Holly Springs, even on agricultural land receiving conventional-till (McGregor et 
al., 1996). Soil loss from no-till cotton after reduced-till soybeans was reduced by 53% as compared to that measured 
from conventional-till cotton after 11 years of no-till and by 75% as compared to that measured from conventional-till 
cotton after 11 years of conventional-till. Conventional-till cotton following 11 years of conventional-till produced more 
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than 1.5 times the soil loss measured from conventional-till cotton following 11 years of no-till practices. 


grassed buffer strips, usually located across the slope but at tervals up the slope, are much narrower than clean-tilled 
areas (Raffaeclie, Jr. et al. 1997). Grassed filter strips usually are located at the base of slopes. Densely vegetated strips 
mazy cause deposition of eroded sediment (Renard et al., 1997). 


The conservation measures on two grassland watersheds returned to crop production at Holy Springs included no-till 
cropping in combination with grassed buffer strips. The watersheds were returned to row crop production in 1994 with 
these umplemented conservation measures in order to evaluate the ensuing sediment and agri-chemucal losses. Soils at 
Holly Springs, MS are representative of loess over Coastal Plains material in the Southern Mississippi Valley Silty 
Uplands land resource area, and represent some of the most erodible soils in the world. This paper addresses the 
effectiveness of the conservation measures in maintaining low sediment yields on the watersheds following them return 
to row-crop production. 


The Upland Erosion Processes and the Water Quality & Ecological Processes Research Units of the USDA National 
Sedimentation Laboratory (NSL), and the North Mississippi Branch of the Mississippi Agricultural and Forestry 
Experiment Station began cooperative research in 1992 on two small grassland watersheds (DB-1 and WS-1) at Holly 
Springs, MS. The watersheds, located on the Experiment Station, were returned to row crop production in the spring 
of 1994. The WS-1 watershed (1.3 ha) had predominantly Lexington (7ypic Paleudalfs) silt loam soils on slopes of 5 
to 10 percent, and Memphis (7ypic Hapludalfs) silt loam soils on other parts of the watershed. The DB-1 watershed 
(1.8 ha) had Memphis silt loam and Loring ( 7ypic Fragiudalfs)silt loam soils on slopes of 2.5 percent, and Providence 
( Typic Fragiudalfs) silt loam soils on slopes of about 7.5 percent. A fragipan was very shallow in some parts of the DB- 
1 watershed. The only row-crop grown on the WS-! watershed between 1978 and 1994 was no-till corn in 1981. At that 
time no-till com was planted in burn-downed fescue and harvested for silage. The DB-1 watershed had been in grass 
since conventional-till corm had been grown on the DB-1 watershed in 1984. The Brown Loam soils at the station, 
representative of the severely eroded loess soils of the Southeastern United States, are moderately to relatively high u 
fertility with high silt and low sand content and are easily eroded by the higher erosive rains typical of the region. 


The watersheds were equipped with Parshall flumes, FW-1 water level recorders, and ISCO pumping samplers. 
Runoff and sediment measurements began in October of 1992 while the watersheds were still in grass. The grass 
was kept mowed in 1993. Fescue strips, 6.1-m wide, were drilled in the fall of 1993 on the DB-1 watershed to make 
buffer strips to use in combination with no-till cotton. No drilling was necessary on the other watershed because of 
existing fescue sod. Grass between the strips on both watersheds was killed with chemicals to prepare the land for 
row-crops. The buffer strips were laid out such that the percent grade for the strips was limited to about | %, except 
in the strip that acted as the waterway and carried runoff to the flume for each watershed the grade sometimes was 
as high as2to3%. . 

No-till crops were planted between 6.1-m wide fescue grassed buffer strips in the spring of 1994 on both watersheds. 
Buffer strips on both watersheds were well established by the time no-till row cropping began in 1994A corn (Zea 
mays )-cotton (Gossypium hirsutum) rotation was grown on the WS-1 watershed. Continuous cotton was grown on the 
DB-1 watershed for four years, but then was returned to grass because of the development of rills and small gullies. 
Fertilizer and chemucals were applied as recommended by the Mississippi Agricultural and Forestry Experiment Station. 


RESULTS 


Rainfall, Runoff, and Sediment Yield: Monthly rainfall, runoff, and sediment yield values from October of 1993 
through September of 1998 are presented in Table | for both DB-1 and WS-1 watersheds. There were 19 and 18 
and 1/2 months, respectively, for the DB-1 and WS-1 watersheds during which measurements were made while the 
watersheds were in grass and before the return of the watersheds to row crop production. The DB-1 watershed was 
returned to grass on April 2, 1998, allowing another six months of measurements for grass in 1998. 





The average annual rainfall at Holly Springs from 1993 through 1998 water years was 1355 mm, or 17 mm less that 
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the 30-year normal annual rainfall (NOAA, 1993). As expected, the runoff and sediment yield values were low for 
both watersheds while in grass. The conservation plans implemented on both watersheds were expected to produce 
low runoff anu sediment yield values. However, the values were not expected to be as low as those shown in Table 
1. The comparisons between water years and between watersheds for the entire 1993-1998 penod can be seen more 
easily in Table 2, where the summaries of water year data from 1993 through 1998 water years (October — 
September) are shown. Since the data were presented by water years, the 1994 and 1998 water years reflect runoff 
and sediment yields for both cotton and grass on the DB-! watershed. 


Table 3 shows the rainfall, runoff, and sediment yield data for the two watersheds arranged in crop years, which 
allowed comparisons of data for years without grass. The crop years were from May through April. Cotton was 
planted in early May, while corn was planted in April, so the table uses “approximate crop” years. The average crop 
year rainfall (1994-1997) was 1397 mm, or 25 mm less than the normal average annual rainfall. Runoff averaged 
39 % lower and sediment yield averaged over 200 % greater on the DB-1 watershed as compared to that from the 
WS-1 watersheds during the 1994-1997 crop years. But the annual runoff and sediment yield values on both 
watersheds were low. The low values of runoff and sediment yield did not reflect, however, the erosion that was 
taking place in the DB-1 watershed. Numerous rills and gullies formed in the DB-1 watershed by the end of the 
summer of 1997. The shallow fragipan soils contributed to the erodibility of the ground surface on the DB-1! 
watershed. We believe the increased erodibility resulted from reduced infiltration rates, limited water storage 


Rills and Gullies 

Rills and small gullies formed in DB-1 in 1997, the fourth year of continuous no-till cotton row cropping. Because of 
the formation of the rills and small gullies, the DB-1 watershed was returned to grass in 1998. The rills and gullies 
generally originated immediately below the downstream side of the buffer strips (Figure 1). Nine small gullies, with 
reaches extending in a perpendicular direction to adjacent buffer strips, had maximum depths that averaged 0.2 m with 
a standard deviation of 6.1 m. The maximum width for each of these nine small gullies averaged 0.6 m with a standard 
deviation of 0.2 m. The average length of these gullies was 12 m with a standard deviation of 4 m. One gully developed 
in the original location of the natural drainage-way of the watershed. This gully was about 58 m in length, had a 
maximum depth of 0.4 m, and a maximum width of 1.2 m. 





The formation of the ril!s and gullies would not be anticipated with the low runoff and sediment yield values that were 
measured from the DB-1 watershed. However, the formation of the rills and gullies showed that even a combination 
of no-till crops and buffer strips were not enough erosion protection for the shallow fragipan soils on the moderate to 
steep slopes of the watershed. The development of the rills and gullies in the fourth year of row-cropping indicated that 
returning CRP land to row crop production should not be recommended for moderate to steeply sloping land with 


Except for one small area near the edge of the field, there were no serious problems with formation of rills or small 
gullies in the WS-1 watershed. After 1997, the area from the edge of the field through the rill area was returned to grass. 
The remainder of WS-1 continued to be managed as before. 


Crop and Residue Yields: Cotton yields on the DB-1 watershed averaged 1287, 1772, 1923, and 2120 kgmv/ha of seed 
cotton in 1994, 1995, 1996 and 1997, respectively. Residues left on the ground at harvest on the DB-1 watershed 
averaged 9.6, 3.2, 6.8, and 6.30 wha in 1994, 1995,1996, and 1997, respectively. 





Corn yields on the WS-1 watershed averaged 242,000 and 167,000 kgmvha in 1994 and 1996, respectively. These yields 
contributed to residues left on the ground at harvest of 14.1 and 20.3 wha in 1994 and 1996, respectively. The cotton 
yields on the WS-1 watershed were 1772 and 3190 kg/ha in 1995 and 1997, respectively. These yields contributed to 
residues left on the ground at harvest of 4.2 and 6.3 wha in 1995 and 1997, respectively. 


Future Plans for DB-1 and WS-1 Watersheds (1999-2004): The National Sedimentation Laboratory, the North 
Mississippi Branch of the Mississippi Agricultural and Forestry Experiment Station, and the Plant and Soil Science 
Department of Mississippi State University will evaluate the effects of applying poultry litter in the upper areas of the 
two watersheds on ensuing sediment and agri-chemical losses. The DB-1 watershed will be kept in grass with buf‘er 
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strips maintained at a higher growth than the rest of the grassed areas to slow the velocity of runoff and to encourage 
deposition of sediment within the buffer areas. The DB-1 watershed will also make use of narrow stiff-grass hedges 
that now have been established at the top of the buffer strips and also halfway between adjacent buffer strips. These 
stiff-grassed hedges will be used to further restrict flow of runoff and to trap sediment. The present WS-1 corn-cotton 
rotation in combination with 6.1-m wide buffer strips will be maintained because of the opportunity and need for 
cooperative research on poultry litter applications on both grassed and row-cropped watersheds. 


SUMMARY 


The combination of no-till, cotton-corn rotation, and grassed buffer strips provided good erosion control on the WS-1 
watershed following sod. Runoff and sediment yield vatues were low for both watersheds while in grass, but also were 
low after conservation plans were implemented on both watersheds. But the sediment yields for the DB-1 watershed 
did not reflect the rill and gully erosion within the watershed. The combination of no-till crops and buffer strips did not 
provide enough erosion control for the shallow fragipan soils on the moderate to steep slopes of the DB-1 watershed. 
The development of the rills and gullies in the fourth year of no-tll row-cropping indicated that returning CRP land to 
row crop production (even no-till) should not be recommended for moderate to steeply sloping land with fragipan soils. 
However, CRP land without fragypan soils on moderate slopes can be returned successfully to row-crop production with 
implemented conservation measures. T*is conclusion is based on low values of sediment yield and the absence of 
significant mills and small gules on the WS-! watershed. Results from this study should prove useful to conservationists 
and farmers considering returning idle-iand t row crop production. 
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Figure 1. Layout of 6.1 m wide grassed buffer strips on the DB-1 and WS-1 watersheds. Crops were planted 


between the grassed buffer strips. Rills and small gullies developed in the fourth year after the fourth 
year of continuous no-till cotton arc shown in the DB-1 watershed sketch. A corn -cotton rotation was 
grown on the WS-1 watershed. 
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Table 1. Monthly rainfall, runoff, and sediment yield from DB-! and WS-1 watersheds during 


1993-1998 water years (October through September). 











pe-1" ws-1" 
Water RAINFALL Cropping RUNOFF SED. YIELD Cropping RUNOFF SED. YIELD 
Year (mm) Treatment (mm) (ha) Treatment (mm) (ha) 
1993) =6(Oct 119 GRASS 0 0 GRASS 0 0 
Nov 83 GRASS 0 0 GRASS 5 0.002 
Dec 93 GRASS 7 0 GRASS 15 0 004 
Jan 96 GRASS 6 0 GRASS 17 0 004 
Feb 88 GRASS 10 0.002 GRASS 18 0.009 
March 98 GRASS a 0 GRASS is 0.002 
April 130 GRASS 13 0.002 GRASS 17 0.002 
May 77 GRASS 1 0 GRASS 2 0 
June $7 GRASS 0 0 GRASS 0 0 
July 107 GRASS 20 0.002 GRASS 4 0 
Aug 156 GRASS 22 0.04 GRASS 22 0.038 
Sept 138 GRASS 3 0 GRASS & 0 
Sum 1242 ho 0 046 123 0.061 
1994 = Oct 66 GRASS 6 0.002 GRASS 7 0 
Nov 76 GRASS 10 0.007 GRASS 12 0.002 
Dec 160 GRASS 37 0.002 GRASS 3x7 0.011 
jan 132 GRASS 19 0 GRASS 9 0 002 
Feb 106 GRASS 13 0 004 GRASS 25 0 
March 209 GRASS 32 0 GRASS $7 0 002 
April 131 GRASS * 0 CORN, 4/18 14 0 
May 98 COTTON, 5/5 5 0.002 CORN l 0 
June 273 COTTON 102 0.132 CORN 101 0 009 
July 116 COTTON 23 0.031 CORN 9 0.025 
Aug 100 COTTON 11 0.013 CORN 11 0 
Sept 48 COTTON 0 0 CORN 0 0 
Sum 1515 Joo 0.193 313 0.051 
1995) §=(Oct 101 COTTON 0 0 CORN 2 0 
Nov 100 COTTON % 0.045 CORN 25 0.011 
Dec 92 COTTON 3 0 CORN 9 0 
Jan 102 COTTON 8 0.016 CORN 9 0 
Feb 60 COTTON 5 0 004 CORN 7 0 
March 102 COTTON 19 0011 CORN 29 0 
April 90 COTTON 0 0 CORN 0 0 
May 121 COTTON, 5/10 20 0 COTTON, 5/10 ) 0 
June 35 COTTON 0 0 COTTON 0 Uv 
July 189 COTTON 23 0.049 COTTON 24 0 
Aug 175 COTTON 47 0.0S4 COTTON $5 0.007 
Sept 33 COTTON 0 0 COTTON 0 0 
4 
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a Sum 1200 161 0.179 169 0.018 
Table | (continued). 
~ DBT Ws-i 
Water RAINFALL Cropping RUNOFF SED. YIELD Cropping RUNOFF SED. YIELD 
Year (mm) Treatment (mm) (ha) Treatment (mm) (tha) 
1996 Oct 69 COTTON 0 0 COTTON 0 0 
Nov 138 COTTON 13 0 COTTON 19 0 
Dec 156 COTTON 8 0.036 COTTON 27 0 
Jan 101 COTTON 14 0.211 COTTON 16 0 
Feb 59 COTTON 1 0.009 COTTON 0 0 
March 126 COTTON 1" 0.025 COTTON 14 0.034 
April 58 COTTON 0 0 CORN, 4/86 9 0 
May 147 COTTON, 5% 35 0.215 CORN 20 0.029 
June 118 COTTON 3 0.359 CORN 24 0.022 
July 84 COTTON 0 0 CORN 0 0 
Aug 3 COTTON 0 0 CORN 0 0 
Sept 229 COTTON 12 0.049 CORN 27 0 
Sum 1318 127 0.904 156 0.085 
1997 Oct 118 COTTON 2 0 CORN 10 0 
Nov 162 COTTON 12 0.339 CORN 25 0 
Dec 116 COTTON 1 0 CORN 19 0.04 
Jan 121 COTTON 2 0.058 CORN 23 0.013 
Feb 164 COTTON 16 0.561 CORN 41 0.04 
March 182 COTTON 8 0.518 CORN 44 0.034 
April 83 COTTON 0 0 CORN 1 0 
May 109 COTTON 0 0 COTTON, 5/6 0 0 
June 189 COTTON $1 0.036 COTTON 46 0.377 
July 27 COTTON 0 0 COTTON 0 0 
Aug 123 COTTON 3 0.083 COTTON 7 0.002 
Sept 167 COTTON 23 0.072 COTTON 41 0.018 
Sum 1561 128 1.667 257 0.524 
1998 Oct 77 COTTON 0 0 COTTON 0 0 
Nov 9 COTTON 0 0 COTTON 0 0 
Dec 87 COTTON 1 0 COTTON 12 0 
Jan 161 COTTON 2 0 COTTON 60 0.038 
Feb 165 COTTON 3 0 COTTON 72 0.049 
March = 15! COTTON 12 0 COTTON 65 0.148 
April 194 GRASS, 4/2 n 0.087 CORN, 4/2 35 0.054 
May 56 GRASS 0 0 CORN 0 0 
June 71 GRASS 3 0 CORN 12 0 
July 202 GRASS 25 0.027 CORN 29 0.004 
Aug $$ GRASS ’ 0.004 CORN i 0 
Sept a8 GRASS 0 0 CORN 0 0 
Sum 12% 53 0.118 286 0.293 





@. From Jan.-March 22,1998, the ISCO sampler was not working on the DB-1 watershed, so seven runoff 
events did not have samples taken during this period. However, only one of these storms had runoff > 3 
mm, and it only had 12 mm, so sediment yield was assumed negligible Due to a power failure, a sample 
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was missing for one storm during September of 1996 on the WS-! watershed, but again the runoff was 
only 13 mm, so sediment yield was assumed negligible. 


Table 2. Rainfall, runoff, and soil loss from DB-1 and WS-1 watersheds during 1993-1998 
Water Years (October through September). The DB-1 watershed was planted to 
continuous no-till cotton in 1994 following grass, while WS-1 was planted in a no-till 
com-cotton rotation following grass. The DB-1 watershed was returned to grass in 











1998. 
DB-1 ws-1 
Water RAINFALL Cropping RUNOFF SED. YIELD Cropping RUNOFF SED. 
YIELD 
Year (mm) Treatment (mm) (tha) Treatment (mm) (t/ha) 
1993 1242 GRASS 86 0.05 GRASS 123 0.06 
1994 1515 COTTON, 5/5 266 0.19 CORN, 4/18 313 0.05 
1995 1200 COTTON, 5/10 161 0.18 COTTON, 5/10 169 0.02 
1996 1318 COTTON, 5/6 127 0.90 CORN, 4/8 156 0.08 
1997 1561 COTTON, 5/6 128 1.67 COTTON, 5/6 257 0.52 
1998 1296 GRASS, 4/2 53 912 CORN, 4/2 286 0.29 


Table 3. Average rainfall, runoff, and soil loss from DB-1 and WS-1 watersheds during 1994- 
1997 crop years. The DB-1 watershed was planted to continuous cotion during this 
time, while WS-1 was planted in a corn-cotton rotation. 

















DB-1 ws-l 
Crop RAINFALL ~ Cropping RUNOFF SED. YIELD Cropping RUNOFF SED. 
YIELD 
Year" (mm) Treatment” (mm) (~ha) Treatment” (mm) (Vha) 
1994 1282 COTTON, 5/5 212 0.25 CORN, 4/18 203 0.05 
1995 1260 COTTON, 5/10 137 0.38 COTTON, 5/10 173 0.04 
1996 1887 COTTON, 5/6 121 2.10 CORN, 4/8 234 0.18 
1997 1489 COTTON, 5/é 111 0.28 COTTON, 5/6 338 0.69 
AVG 1397 COTTON 145 0.75 CORN-COTTON 237 0.24 





a. The crop year here is defined as May though April of the following year. 
b. The cropping treatment is shown with the planting date; however rainfall, runoff, and soil loss shown for 


May through April of the following year 
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CHATTOOGA RIVER WATERSHED ECOLOGICAL/SEDIMENTATION PROJECT 


By Bruce A. Pruitt’, Watershed Hydrologist; Dave L. Melgaard’, Aquatic Ecologist; Hoke Howard’, Aquatic 
Ecologist; Morris C. Flexner’, Fluvial Geomorphologist; Anthony S. Able’, Geologist 


"U.S. Environmental Protection Agency, Science and Ecosystem Support Division, Athens, GA, 980 College 
Station Rd., Athens, Georgia, 30605, (706) 355-8713, fax (706) 355-8726, pruitt.bruce@epa.gov; *U.S. 
Environmental Protection Agency, Water Management Division, SNAFC, 61 Forsyth St. SW, Atlanta, GA 
30303 


Abstract As an integral part of the comprehensive water quality investigation of the Chattooga River watershed, an 
ecological and sedimentological study was conducted on selected stream reaches within the study area. The 
objective of this study was to conduct a sediment yield study and determine if sediment was a primary cause of 
physical and biological impairment to streams within the watershed. As result of this study, accelerated 
sedimentation has been identified to be the leading determinant in loss of habitat and reduction in bedform diversity 
within the study area. Good correlation was observed between aquatic ecology and normalized total suspended 
solids (TSS) data. Based on overlaying the biological index on TSS normalized to discharge/mean discharge, TSS 
concentrations greater than 284 mg/l adversely affected aquatic macroinvertebrate community structure. However, 
based on historic regional suspended-sediment concentrations, a normalized TSS concentration of 58 mg/1 or less 
during storm flow provides an adeq'«:te margin of safety and is protective of aquatic macroinvertebrates in the Blue 
Ridge physiography. Corresponding turbidity limits of 69 and 22 NTU established the threshold of biological 
impairment and margin of safety, respectively. Previously, a similar turbidity of 25 NTU has been recommended 
for stream restoration management plans. Relative to reference streams, impaired streams yielded higher bedload 
and suspended load. The results of this study showed that road density and associated sediment sources accounted 
for 51% of the total sediment loading. 


INTRODUCTION 


In response to issues included in the settlement of the Georgia Total Maximum Daily Load (TMDL) lawsuit, EPA 
was required to conduct an evaluation of the Chattooga River watershed to determine if waters within the watershed 
were not meeting designated uses (Sierra Club, Georgia Environmental Organizations, Inc., Coosa River Basin 
Initiative, Inc., Trout Unlimited, and the Ogeechee River Valley Association, Inc., Versus: U.S. Environment 
Protection Ageucy (EPA); Carol Browner, Administrator, EPA and John Hankinson, Regional Administrator, EPA 
Region 4). For those waters not meeting designated uses, EPA was required to determine the cause of non-support 
and develop the appropriate TMDL. 


Sedimentation has been reported to be the leading determinant in loss of habitat and reduction in bedform diversity 
within the study area. The State of Georgia is initiating a statewide effort and geographic calibration of reference 
conditions for assessing the ecological status of its water resources using biological assessment. However, the effort 
has not been completed. As an interim solution, it was necessary to develop reference conditions at the scale of the 
Chattooga Basin. The objective of this study was to conduct a sediment yield study and determine if sediment was a 
primary cause of pt ysical and biological impairment to streams within the watershed. The results were correlated 
with aquatic ecological data to develop an overall! condition of the watershed. 


The Chattooga River watershed, located in northeast Georgia, northwest South Carolina, and southwest 
North Carolina, has a total drainage area of approximately 180,000 acres, and is entirely within the Blue Ridge 
Ecoregion. Land cover within the watershed is primarily forested, with some areas of commercial development, 
urban and residential use, and agriculture. Although the average “forested” land cover within the watershed 1s 
greate; than 96%, there has been concern that gradual increases in sediment inputs to streams may be causing 
ecological impairment. Consequently, EPA Region 4 began an evaluation of water quality conditions within the 
Chattooga River watershed, and how they may have changed due to forestry or forestry-related practices. To 
accomplish this, sampling and analysis was undertaken in 1997-2000 by U.S. EPA Region 4 for biological and 
habitat quality, channel morphology, selected water chemistry, and sediment yield. 
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METHODS 


Aquatic Ecology A total of 3 reference sites and 56 other sites were sampled from six subwatersheds: Headwaters 
(n = 14), Lower Chattooga (n = 3), Middle Chattooga (n = 10), Stekoa Creek (n = 7), West Fork (n = 11), and 
Warwoman Creek (n = 11). Biological sampling methods were focused on benthic macroinvertebrates and used 
modified rapid bioassessment protocols (RBP) (Plafkin et al. 1989, Barbour et al.1999, and U.S. EPA’s Region 4, 
Ecological Assessment Branch-Draft Standard Operating Procedures 1999). Reference sites were selected prior to 
initiation of sampling based on habitat condition, in situ water chemistry and surrounding land use. Reference sites 
RI and R2 were located in the Chattooga River watershed and reference site R3 was on the upper Chattahoochee 
River outside of the Chattooga watershed. It was determined that the reference sites were representative of least- 
impaired conditions of the Blue Ridge Ecoregion. Data for all 59 stations were analyzed using a multimetric 
approach, in agreement with the recommendations of U. S. EPA (Gibson et al. 1996). From the raw data, 17 metrics 
were calculated including: total taxa, number of Ephemeroptera , Plecoptera, and Trichoptera (EPT) taxa , number 
of clinger taxa (clingers),percent clingers, percent most dominant taxon, percent 2™ dominant taxa, percent tolerant 
organisms, number of intolerant taxa, percent diptera, percent Chironomidae, percent EPT, North Carolina Biotic 
Index (NCBI), percent collectors, percent filterers, percent scrapers, percent shredders, and percent predators. 





From the original list of 17 metrics, five were selected that had the greatest ability to detect impairment, determined 
by examining the position of the a priori reference sites to the overall distribution of metric values. For the most 
appropriate metrics, scoring criteria were determined based on the 95" percentile of all metric values for those 
metrics that decrease with impairment (Barbour et al.1999). For those that increase with impairment, the 5™ 
percentile was used. This approach was used since there were no a priori impaired sites against which to calibrate. 
Each metric was scored according to its relation to the 95" (or 5") percentile standard (Table 1). Eighty-five percent 
(85%) of the area below the 95" percentile standard (or 15% above the 5® percentile) was equally divided into four 
ranges and each range is given a numeric value of 0, 2, 4, or 6. A score of zero was the farthest away from the 
percentile standard (i.¢., zero was most unlike the best attainable conditi»ns and 6 was the score closest to the 
percentile standard). One exception was the “North Carolina Biotic Index” (NCBI), for which the scoring criteria 
developed by Lenat (1993) were used. 


Table |. Table of metrics and percentile distribution for each. 




















Metric Min | 05” | Median | 95th | Max Percentile Expected Response tol 

7 Standard Stressors 
EP7 taxa 3 10 15 21 25 95 Decrease 
——— — an 

% EPT 27.9 | 36.7 66.7 85.0 | 95.4 95 Decrease 
% 2 dominant taxon 19.2 | 22.0 30.0 52.8 | 65.4 5 Increase 
NCBI 2.6 2.7 4.1 5.6 6.2 5 Increase 
‘Clinger taxa 7 7 17 23 | 24 95 Decrease 
































A final biological index was assigned to each site based on a simple sum of the scores for the five metrics. An 
assessment rating was then assigned by dividing the range of the overall index scores into 5 categories. Narrative 


descriptions of the assessments correspond to: 


Very Good - best attainable conditions indicating no impairment to the aquatic community; 

Good - close to best attainable conditions but at risk and possibly influenced by limited stressors; 

Fair - some biological impairment observed, due to minor stressor input; 

Poor - substantial impairment of stream biota observed, due to moderate stressor input; including habitat 
degradation; 

< Very Poor - severe impairment of stream biota observed, due to major stressor input, including habitat 


degradation. 


Sediment Sampling Seventeen stream reaches were selected for storm flow investigations based on the following 
criteria: (1) relative degree of biological impairment as measured using RBP; (2) position within the watershed; (3) 
relative geomorphic condition; and (3) access logistics. The storm flow investigations were conducted during three 
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storm events (March 28-30, 1998, June 15-17, 1999 and March 16-17, 2000). Prior to storm flow sampling, tape 
downs were established and appropriate cross-sections for gaging and sediment collection were identified. Base 
flow discharge and sediment samples were collected prior to the storm initiation. Precipitation was measured at 
Clayton, Georgia for response planning and rapid deplcyment of sample teams during the storm flow study. In 
addition, several rain gages were strategically deployed within the watershed to address rainfall distribution. Also, 
stream stage was monitored in Stekoa Creek at Clayton for response planning. 


A total of 58 observations were made across the 17 stations. /n-situ measurements at each station included tape 
downs (start and finish), stream discharge, turbidity, and collection of suspended and bedload sediment. Stream 
discharge was gaged simultaneously with sediment collection. Water column samples were collected using a depth 
integrating suspended hand-line sample: (US DH-59). Field turbidity was determined in-situ at ambient air 
conditions using a HACH™ Model 2100P Turbidity Meter. Turbidity was field determined for future use by EPA 
Region IV and state water quality personnel as a rapid means of identifying potential sediment impaired streams 


(“red flags”). Consequently, sample temperature was not adjusted prior to measuring turbidity. Laboratory 
determination of total suspended solids (TSS) and total dissoived solids (TDS) followed USEPA Methods 160.2 and 


160.1, respectively. Whole samples were filtered for TSS analysis. Because the TSS data were produced without 
subsampling, they should be directly comparable to suspended-sediment concentration daia (SSC) (Gray et al. 2000 
and personal communication w:th John Gray, USGS). Bedload sediment samples were collected utilizing a 6-inch 
cable suspended bedload sampier or a 6-inch wading type bedload sampler, qansported to the laboratory in | -liter 
containers, and processed for particle size determination (PSD) in the laboratory using the EPA-SESD wet sieve 
method (SESD-EAB Draft SOP, Jan. 99). The procedure was followed with the exception of the silt/clay separation 
step that was not required since the samples were coilected in coarse Nitex™ mesh bags (250 :m). 


Laboratory results of dry-weight, bedload samples (M,, grams) were converted to bedload transport rate (Q,, 
tons/day) by the following equation (Edwards and Glysson 1988): 


Qa = K(Wy/T) My (1) 


where Qs, = bedload discharge (tons/day), 
K = converts grams/second/foot to tons/day/foot 
Wr= wetted surface (ft); 
T = total time sampler on bottom (seconds); 
M; = total mass of samples (grams) 


Regression relationships were tested against ANOVA at a 95% confidence level. Consequently, unless 
otherwise noted hereafter, significance was determined at a = 0.05, based on a t-test using advanced regression. 


RESULTS 


Aquatic Ecology Biological conditions in most streams sampled in this study show little or no impairment. 
Seventy-eight percent (78%) of the sites were rated as “very good” (22 sites) or “good” (24 sites). Since greater 
than 96% of the watershed land cover is classified as forested, this result was expected. Streams rated as “good” 
(41% of all stream sites sampled) are defined as possibly being influenced by some stressors. Eleven sites (19%) 
were rated as “fair”, and two sites (3%) were rated as “peor”. No sites were rated as “very poor”. Although some 
sedimentation, or the habitat effects of sedimentation, may have been evident ai many sites, a negative biological 
response was not always evident. The sedimentation also may not have reached a leve! that would cause a 
biological response. Due to the fact that this project used multihabitat sampling of benthic invertebrates, samples 
were taken from some stream subhabitats that were not adversely affected by sediment deposition resulting in 
habitat loss. The three reference sites had high biological scores: 24, 22, and 28, respectively, out of a maximum 
possible score of 30. The most degraded biological community was observed in the Stekoa Creek subwatershed 
This subwatershed has a higher percentage of bare land and !ess forest cover than other subwatersheds in the 
Chattooga River basin. Consequently, none of the sample stations were rated as “very good” (1.¢., zero out of seven 
stations). Two stations were rated “good”, four stations were rated as “fair”, and one station was rated as “poor”. 





Bedload Sediment Bedload over the three storm events averaged 13.32 tons day (range 0.02-176.96 tons day, 
standard deviation = 41.28). Median bedload particle sizes (D4) ranged from fine sand to very coarse sand. 
Bedload accounted for only 14 percent of the total sediment load (on average). By plotting bedload against 
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discharge, bedload sediment rating curves for each of the three storm events were created (Figure 1). Relatively 
good regression coefficients were observed within each storm event. However, regressed slopes varied between 
storm events. 





FIGURE 1. BEDLOAD SEDIMENT RATING CURVES 
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Suspended Sediment (Regional) Regional SSC data, compiled from the United States Geologic Survey records 
(Perlman 1984), were regressed against discharge normalized to mean discharge (Q/meanQ) (Holmbeck-Pelham and 
Rasmussen '997). The USGS stream station utilized in development of the regional sediment curve was the 
Chattahoochee iver near Leaf (Station no. 02331000) for the period of record, 1958 - 1984. TSS data from the 
Soque River station near Cornelia (02331250) and the Chestatee River near Dahlonega (02533500) were not used 
due to the difference in slope of the regression as compared to the Chattahoochee River station in the former and 
shift upward in the regression of the latter. An improvement was observed in the regression coefficient from 0.54 to 
0.66 and, consequently, confidence in using the regional data set improved as a reference. In addition, SSC data 
from the Chattahoochee River was the most protective as compared to the other two datasets. Regional SSC (from 
the Chattahoochee River) regressed against Q/Qmean was observed to be significant (R’=0.66, log transformed), 
given by (Figure 2): 





TSS or SSC = 58.3(Q/Qmean)'”’ (2) 


Sediment (this TSS over the three storm events averaged 85.3 tons/day (range 0.0002-3136.2 
tons/day, standard deviation = 418.0). TSS accounted for the majority (86 %) of the total sediment load over the 
three storm events (on average). TSS, collected by vertical integration of the water column, was regressed against 
discharge (Q) and was observed to be highly variable between stations during the same storm event and between 
different storm events. In contrast, the log transformed relationship between TSS and NTU was significant (Figure 
3). TSS data were compared against regional SSC by overlaying the two and constructing 95% confidence bands 
(Figure 2). Six stations, SCO1, SCO7, WW09, WFO3, WF10 and WF11, were observed above the upper 95% 
confidence band (i.c., 6 out of the 17 stations during the three stormflow investigations). In general, data points that 
plot above the upper 95% confidence band are indicative of higher than “normal” concentrations of TSS for a given 
discharge to mean discharge. Other stations were observed to be below or within the normal range of the regional 
SSC data set. In addition, three stations, WW02A, WFO2, and WFO08, were below the lower 95% confidence band. 


Total Sediment Bedload and TSS loadings were combined into total sediment load and plotted against discharge 
(Figure 4). Total loads were also plotted against road density (road length / corresponding drainage area) (Figure 5). 
Road density ranged from zero (R2 - Addie Branch, reference) to 6.60 (SCO1 - Stekoa Creek. Road density 
represents the net impacts of road construction and maintenance, interception of subsurface interflow, routing of 
other non-point sources to the stream, and entrainment, mobilization, and transport of sediment to the stream. in 
contrast to drainage density, a significant increase in peak total loads in response to road density was observed at the 
two Stekoa Creek stations (SCO! and SC02). 
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FIGURE 2. OBSERVED TSS OVERLAYING COMBINED REGIONAL SSC 
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Historic regional data (SSC) from USGS Station 02331000 (Chattahoochee River @ Leaf, GA) 


CONCLUSIONS 


Good correlation was observed between the biological index and normalized total suspended solids (TSS) data 
(Figure 2). TSS concentration normalized to discharge/mean discharge greater than 284 mg/1 adversely affected 
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biological community structure. However, based on regional suspended-sediment concentrations, a normalized TSS 
concentration of 58 mg/l or less during storm flow provides an adequate margin of safety and is protective of aquatic 
macroinvertebrates in the Blue Ridge physiography. Furthermore, corresponding turbidity limits from the above 

TSS estimates can be calculated from the NTU versus TSS relationship (Figure 3) as 69 and 22 NTU for the 


threshold of biological impairment and margin of safety, respectively. 
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FIGURE 3. Turbidity vs. Total Suspended Solids (All 
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Relative to the reference stream (R2), impaired streams yielded higher bedload and suspended load. Based on the 
results of this study and comparison against regional sediment data, Stekoa Creek (SCO1 and SC07) exhibits greater 
than “normal” suspended sediment loads. TSS concentrations from Addie Branch (R2) were within or below 
“normal” regional TSS concentrations. Total storm flow sediment load and peak total sediment loads did not 
increase significantly with drainage density. Increased sediment loads were correlated with an increase in road 
density. Road density and associated sediment sources accounted for 51% of the total sediment loading. Assuming 
that every road has at least one road ditch, road density nearly doubled the effective drainage density at the Stekoa 
Creek stations. The condition of the macroinvertebrate community of Stekoa Creek is rated as “fair” and is evidence 
of the impact of the accelerated sediment loads in the stream at stations SCO1, SCO2, and SCO7. 


DISCUSSION 


Presently, several states are evaluating their water quality standards to include narrative or numeric turbidity and/or 
TSS standards. For example, Georgia has recently enacted a narrative standard for turbidity that is based on “visual 
contrast in a water body due to man-made activity” (DNR 2000). In addition, Alabama and Florida use 50 and 29 
NTU above background, respectively; South Carolina allows a increase of ten percent above background; North 
Carolina uses 10 NTU for trout streams, 50 NTU for non-trout streams, and 25 NTU for non-trout lakes; Tennessee 
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uses a standard that does not allow any material effect on fish or aquatic life (Kundell and Rasrnussen 1995). 
Holmbeck-Pelham and Rasmussen (1997) recommended a reduction in average turbidities to below 25 NTU for 
stream restoration plans in Georgia. In addition, a turbidity of 25 NTU was recommended by the Georgia Board of 
Regents’ Scientific Panel as an instream turbidity standard (Kundell and Rasmussen 1995). Also, the report cited a 
TSS concentration of 80 mg/l as a threshold between moderate and low levels of protection for fish and aquatic 
invertebrates (NAS 1972). 


FIGURE 5. PEAK TOTAL SEDIMENT LOAD DURING STORM EVENT 
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Similar findings were observed in this study. TSS concentrations greater than 284 mg/l resulted in biological 
impairment of macroinvertebrate communities. Also, TSS concentrations of 58 mg/l or less during storm flow 
provided an adequate margin of safety and were protective of aquatic macroinvertebrates in the Blue Ridge 
physiography. Furthermore, corresponding turbidity limits of 69 and 22 NTU established the threshold of biological 


impairment and margin of safety, respectively. 


A relationship between TSS and turbidity (NTU) can be developed within a specific hydro-physiography. Turbidity 
can be used as a surrogate to TSS with the following assumptions and cautions: 1) the relationship between TSS vs. 
NTU is hydro-physiography specific; 2) turbidity includes inorganic and organic constituents including phyto- and 
zooplankton which can be extreme during the growing season; and 3) stream discharge and/or stage should be 
measured at the time of turbidity measurements and compared against a regional regression curve. 

A biological endpoint is -ritical to addressing stream condition and beneficial uses. An index of biological integrity 
overlaying a sliding, sediment scale (concentration or load) is recommended. Additional surrogates need to be 
developed and tested between bedload versus embeddedness (MacDonald et al. 1991), bedload versus one-third 
lower bar (Rosgen 1996), and sediment load versus Pfankuch (1975) or RBP habitat assessments (Plafkin et al. 
1989). 





The relationship between suspended-sediment concentration and total suspended solids needs to be established for 
specific physiographies. In addition, in physiographies with high concentrations of clay particle sizes, filtration of 
the whole sample needs to be explored in lieu of withdrawing the supernatant using a J-tube. 


The findings of this study emphasize the importance of incorporating aquatic ecological assessments into addressing 
the effects of accelerated sedimentation and deposition within a watershed. Biological endpoints (¢.g., clinger- 
burrower ratio) can be directly applied to designate beneficial uses such as fishing and recreation. Consequently, 
comprehensive aquatic ecological studies are a critical component of identifying reference stream reaches and 
determining whether designated or beneficial uses are being met. Additional research should focus on developing 
fisheries and aquatic macroinvertebrate indices that are sensitive to impacts caused by accelerated sedimentation. 
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CHARACTERIZATION OF SEDIMENTATION PATTERNS 
AT A MUSSEL BED ON THE OHIO RIVER NEAR OLMSTED, ILLINOIS 


By David S. Mueller, Hydrologist, U.S. Geological Survey, Louisville, Kentucky 


Abstract: Ohio River Locks and Dams 52 and 53 are being replaced with a single facility near 
Olmsted, Ill. The construction and operation of this facility could adversely affect a mussel bed 
containing the endangered orange-footed pearly mussel (Piethobasus cooperianus) that is 
approximately 3 km downstream from the new facility. Sedimentation patterns and conditions at 
the mussel bed are being characterized through an analysis of detailed channel surveys, bed- 
material samples, water-velocity distributions, and bed-clevation data. The analysis of these data 
shows that the mussel bed has different sedimentation characteristics than the main channel in 
the same reach. Hourly measurements of bed elevation at discrete locations on the mussel bed 
showed a much greater variation than was originally believed suitable for mussel habitat. The 
variation in bed elevation on the mussel bed appears to be caused by sand transported as small 
bedforms over the mussel bed, which is primarily composed of gravel. Continued research is 
underway to better characterize when and where these bedforms occur. This research will help 
biologists develop a better understanding of the effect of sedimentation conditions on mussel 
habitat and mussel viability. 








INTRODUCTION 


: The U.S. Army Corps of Engineers (COE), Louisville District is replacing Ohio 
River Locks and Dams 52 and 53 with a single facility near Olmsted, Il]. The endangered 
orange-footed pearly mussel (Plethobasus cooperianus) is found in two mussel beds near the 
location of the new locks and dam. These mussel beds could be adversely affected by changes in 
sedimentation patterns that could result from the construction and operation of the new locks and 
dam. Studies to characterize the pre-project conditions at the mussel bed, to monitor the 
streambed elevation at the mussel bed, and to sample the mussel population were initiated to 
provide data that could be used to develop plans and strategies to protect the orange-footed 
pearly mussels. 





The endangered orange-footed pearly mussel is an Interior Basin species that reaches an average 
adult size of approximately 6 cm. This large river species is historically known to occur in the 
Ohio, Cumberland, and Tennessee River basins. The preferred habitat for the Plethobasus 
cooperianus are shoal areas (depths of 3 to 10 m) of medium to large rivers with continuous 
flows over silt-free substrates of sand, gravel, and cobbles (U.S. Army Corps of Engineers, 
1993). The Ohio, Cumberland, and Tennessee River basins contain the only three known 
population areas of this endangered species. The only known reproducing population is in the 
Tennessee River (U.S. Fish and Wildlife Service, 1993). The health of the mussel bed 
downstream from the Olmsted Loc\s and Dam was good; however, the health of the upstream 
bed was questionable (U.S. Fish and Wildlife Service, 1993). The viability of the species in the 
bed downstream from the Olmsted Locks and Dam is important because of the few known 
populations. 
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Sediment deposition and erosion patterns prior to construction of the Olmsted Locks and Dam 
could change during or after construction because of: (1) bed material lost during dredging for 
cofferdam construction, (2) creation of a temporary navigational channel, (3) changes in the 
water-current direction and magnitude, (4) changes in river-traffic location and volume, (5) river- 
side development to support construction, and (6) operation of the new locks and dam. Changes 
to the natural sedimentation characteristics of this river reach could affect the orange-footed 
pearly mussel by increasing suspended sediments, depositing fine sediments on the mussel bed, 
or eroding the bed. Ellis (1936) reported that some adult mussel species were smothered by as 
little as 0.6 cm of sediment deposition. A more recent study, however, indicated that about 50 
percent of a large mussel species were able to emerge through as much as 25 cm of silt or sand 
(U.S. Fish and Wildlife, 1993). Additionally, if the deposited sediment is not stable the mussels 
may be swept off their bed. It is believed that juvenile mussels of all species would likely be 
smothered by more than 3 cm of sediment. U.S. Fish and Wildlife (1993) suggested that 3 cm of 
sediment deposition on the mussel bed for 24 hours would cause a loss of habitat. At present 
(2000), there is no field-verified research on the orange-footed pearly mussel to accurately 
specify what magnitude of change in habitat will be critical to the population. 


Purpose and Scope: The sedimentation patterns and conditions at a mussel bed located in the 
Ohio River near Olmsted, Ill. are being characterized through an analysis of detailed channel 
at discrete locations were collected hourly from August 1993 to June 1997. Bed-clevation data 
were collected more frequently at three different discharges to evaluate the presence and 
movement of bedforms. Detailed channel surveys and velocity distributions were collected at 
least twice a year from 1993 through 1998. This paper summarizes the efforts, to date, of the 


U.S. Geological Survey (USGS) and the COE to characterize the preconstruction sedimentation 
patterns at the downstream mussel bed. 





DESCRIPTION OF STUDY AREA 


The Ohio River flows 1579 km from the confluence of the Allegheny and Monogahela Rivers at 
Pittsburgh, Penn. to the Mississippi River near Cairo, Ill. (Bower and Jackson, 1981). The entire 
river, except for the lower 31 km (from Lock and Dam 53 to the Mississippi River), has been 
altereci by construction and operation of locks and dams to provide a stable navigational channel. 
The new Olmsted Locks and Dam are located approximately 3 km downstream from Lock and 
Dam 53, and 27 kim upstream trom the confluence with the Mississippi River. The focus of this 
report is a mussel bed located about 3 km downstream from the new locks and dam on the right 
descending bank, with its center near the inflection of two opposing bends in the river (figure 1). 
These bends have a very large radius (small curvature). The upstream end of the mussel bed 
begins along the outside, downstream edge of the upstream bend and extends through the 
crossing and terminates on the inside of the downstream bend. The navigation channel through 
this reach is primarily along the left descending portion of the river. 


ANALYSIS OF FIELD DATA 


Bed-Material Data: The COE collected bed-material samples as part of the detailed-data 
collection effort and during annual mussel surveys. The bed material data from the mussel 
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Figure |. Location of the mussel bed. 


surveys provided only 4 gradations for the 1993 and 1997 surveys and only a qualitative 
assessment of the size class (cobble/gravel, sand) for 1994-96. Locations of the samples were 
indeterminate from the data received. Geospatially referenced bed material samples were 
collected in 1992-94 during the ann’:al detailed hydrographic surveys. A full sieve analysis was 
completed on these samples. Only the 1993 and 1994 data contained samples collected on the 
mussel bed. Figure 2 shows the distribution of the median bed-material size. It is clear from the 
graph that this reach of ver is primarily a sand-bed channel with a gravel deposit extending out 
from the Illinois bankline. On the mussel bed, the Dso (grain size for which 50 percent of the 
material by weight is finer) is between 10 and 20 mm, and the Dos is between 20 and 40 mm. 
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made every 2 minutes and the value temporarily stored. Each hour, the measurements are ranked 
and the minimum, median, and maximum values reported. Thus, the data from this system 
consists of hourly minimum, median, aad maximum values for each transducer. 


The original installation for real-time monitoring consisted of four sites with six transducers. The 
six transducers were oriented in a “T” configuration with the base of the “T” point upstream. A 
buoy is anchored at the intersection of the three legs of the “T” and houses all of the electronic 
components of the monitoring system, including the acoustic ranging system, data logger, and 
telemetry equipment. The transducers are deployed on a monitoring stand that consists of an H- 
pile driven vertically into the streambed with a 1-m horizontal I-beam extending upstream. The 
transducers are located at the end of the horizontal I-beam so that they are not influenced by 
local scour that may occur around the H-pile (Griffin, 1997). High flows from December 1993 
to April 1994 severely damaged the system; subsequently only sites 2 and 3 were reinstalled. 


Missing and erroneous data significantly disrupt the time series of streambed elevation 
measurements. Most of the transducers collected data for 70 \c 80 percent of the time they were 
deployed. Approximately 9 percent of the missing data are accounted for by the 1994 high water, 
when the system was damaged. Other missing data are the result of equipment failure or 
interference of the measurement by debris. The distribution of the median streambed elevations 
show that a significant portion of these data contain erroneous measurements (figure 3) that need 
to be removed prior to analysis of the data. 


The filter was developed to use only data collected prior to the measurement under 
consideration. This restriction will allow the filter to be used to screen hourly data in real-time 
and provide accurate real-time data that are needed by the COE to continuously monitor 
sedimentation conditions during dam construction. Visual inspection of the data indicates that 
the local trend and variation in streambed elevation change with time and (or) flow conditions. 
A moving window with variable size based on the standard deviation of selected measurements 
was used to filter the median streambed-elevation data. The size of the window was defined as 
eight times the standard deviation computed from the last 24 valid measurements and was 
centered about the last 

valid measurement. Data 

inside the window were 

retained as valid data and ml 
data outside the window tee 
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trends in the data. This value was increased by 0.266 for each day of missing record up to 60 
days and then by 0.133 for each day of missing record beyond 60 days until a valid measurement 
was located. The moving standard deviation successfully eliminated data that were not consistent 
with the trend but maintained the high frequency variation in streambed elevation. A rapid 
change in the streambed elevation coupled with some missing data at site 2 (transducers 3 and 4) 
caused some data to be incorrectly eliminated. These data were manually retained in the data set 
for analysis. 


The hourly bed-elevation data indicated that the mussel bed was not static. The hourly bed- 
elevation data indicated that the variation in elevation of the mussel bed had an inner quartile 
range (IQR) of less than 15 cm with 7 cm being common. Monitoring locations about 15 to 
30 m off the mussel bed towards the main channel had a greater variation in elevation, with an 
IQR of around 50 cm. Therefore, the mussel bed is less Cynamic than the main channel of the 
river, but the variation in bed elevation is significantly greater than what was theorized to be 
acceptable for mussel habitat. 


Both the duration and the depth of sediment deposition are important to the viability of mussels. 
The median bed-elevation data were analyzed to determine the maximum duration of deposition, 
which was defined as the longest consecutive period that the bed remained a specified distance 
above a specified reference. The long-term median of all the data for each transducer was used 
as the reference datum. It was assumed that the magnitude of deposition remained constant 
during periods of missing data. Figure 4 shows a clear separation between the transducer located 
on the mussel bed and the two transducers at the edge of the main channel. Although the mussel 
bed displays different sedimentation characteristics than does the main channel, it cannot be 
precisely determined from these data at what threshold the mussel population will begin to be 
adversely affected. 


Hydraulic Data: Water-surface slope, 
mean daily discharge, mean daily stage, 10000¢.—, 
and mean velocity are available for the . 
study area during the period of data T ¥ 
1000 : \ 
\ 








collection. Water-surface slope is 
computed from the difference in stage 
readings between the tailwater of Lock 
and Dam 53 and the COE gaging 
station at Cairo, IIl., divided by 27.2 
km. The stage reported is interpolated 
from the stage readings at the tailwater 
of Lock and Dam 53 and the station at 
Cairo. The mean daily discharge is 
computed from a model operated by the 





SIO wintry °F: 


DURATION IN HOURS 





’ 





COE, Louisville District. The mean i. aa af Gh GA 1a 12 
velocity is determined bv ,; dividing the DEPOSITION IN METERS 

mean daily discharge by the cross- 

sectional area at a cross section that is Figure 4. Plot of the magaitude and duration of 
upstream of the mussel bed near the sediment deposition. 


XI-§ 443 











Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


axis of the new dam. The cross-sectional area of this cross section is affected by the cofferdam 

at the construction site. Thus, the available hydraulic variables were average values over a long 

reach and do not adequately reflect the hydraulics on the mussel bed. The relations between bed 

elevation and these average hydraulic properties were too inconsistent to be of use in 

characterizing the behavior of the sediment on the mussel bed. \— 


Special Bed-Elevation Data: The filtered median streambed-elevation data showed scatter well 
beyond what the mussels were believed to be able to tolerate. However, no visual or statistically 
significant pattern was observed in the data that could be used to explain the variability in the 
data. Three special streambed-elevation data sets with the bed-elevation data measured every 60 
seconds or less were collected to investigate the accuracy of the sysiem and identify any causes 
for the data variability. These data sets were collected at three discharges (2,750; 10,400; and 
13,200 m’/s). These data clearly showed bedforms moving across the mussel bed at some 
monitoring locations (figures 5 and 6). The bedforms ranged from 0.10 to 0.40 m in height and 
had a period that ranged from less than | hour to about 6 hours, depending on location and flow 
conditions. As shown in figures 5 and 6, the hourly bed-elevation data were not adequate to 
characterize the bedforms with short periods (less than 4 hours). 





Detailed water-velocity data collected with an acoustic Doppler current profiler, bed-material 
size and distribution data, and theoretical incipient motion and bedform prediction diagrams 
were used to evaluate the bed forms. The bed material comprising the mussel bed has been 
shown to be gravel with a median grain size of between 10 and 20 mm. A relation presented by 
Miller and others (1977) was used to compute the Shield’s parameter and to evaluate what size 
bed material could be transported by the three discharges. This analysis indicated that it is 
unlikely that an appreciable quantity of material with a grain size greater than 5 cm was being 
transported. Bedform prediction curves from Hjulstrom (1935) and Marcelo Garcia (University 
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Figure 5. Example of bedforms at transducer 4 at site 3. 
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Figure 6. Example of bedforms at transducer 5 at site 3. 


of Illinois, written comm., 1997) also verified that sand would likely be transported as small 
dunes and that gravel would not be transported. Analysis of the velocity patterns from data 
collected with an acoustic Doppler current profiler showed that as flow iicreases the maximum 
velocity shifts towards the mussel bed. Therefore, when velocities exceed | m/s, which could 
occur during about six months a year, sand may be swept onto and transported over the mussel 
bed as bedforms. This sand appears to be swept off the mussel bed as the flow recedes. 


SUMMARY OF SEDIMENTATION CHARACTERISTICS 


From the field data collected and analyzed, it is clear that the sedimentation characteristics on the 
mussel bed downstream from Olmsted locks and dam on the Ohio River are different from those 
in the main channel in the same reach. The bed material of the mussel bed consists primarily of 
gravel on a shelf extending out from the right descending bank, while the main channel is 
comprised primarily of sand. The bed elevation in the main channel is much more variable than 
that on the mussel bed. At flows up to 13,200 m’/s, water velocities on the mussel bed do not 
appear competent to move the bed material comprising the bed. The change in bed elevation on 
the mussel bed appears to be caused by sand transported from the main channel and across the 
gravel mussel bed as small dunes. This transport occurs at some locations on the mussel bed 
when velocities reach about | m/s. These bed elevation changes are much greater and more 
dynamic than believed suitable for mussel habitat, based on previous laboratory research. Annual 
assessments of the mussel bed by biologists suggest that the mussel bed is viable and may be 
reproducing the endangered orange-footed pearly mussel. Therefore, the sedimentation 
characteristics of the mussel bed represent a different habitat characteristic than was anticipated 
for laboratory-based research, but appear to be suitable habitat for this mussel species. 
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FUTURE RESEARCH 


Continued research is underway to better characterize when and where the bedforms occur on the 
mussel bed. A new acoustic ranging system is scheduled to be installed in the fall of 2000. This 
new system will allow streambed elevation measurements to be collected on a user-selectable 
interval. Currently, readings every 2 minutes are planned. In addition, two transducers will be 
pointed upward and the elevation of the water surface measured to allow a water-surface slope 
over the mussel bed to be determined. Bed material and bed load sampling on the mussel bed at 
several discharges will be used to help define the size and source of the bed material being 
transported as small dunes. The installation of an in situ acoustic Doppler current profiler is also 
being investigated. Development of a two-dimensional hydrodynamic model of the study reach 
is planned for 2001 to allow a more detailed evaluation of the velocity vectors and their influence 
on sedimentation patterns. 
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THE MANAGEMENT OF SEDIMENT ON THE 
J. BENNETT JOHNSTON WATERWAY 


C. Fred Pinkard, Jr., Hydraulic Engineer, USACE, Vicksburg District, Vicksburg, MS; 
Jerry L. Stewart, Civil Engineer, USACE, Vicksburg District, Vicksburg, MS 


Abstract: During the last three decades of the 20" century, the U.S. Army Corps of Engineers 
developed the lower 280 miles of the Red River in Louisiana for commercial navigation. This 
development included the planning, design, and construction of five locks and dams in 
association with an intensive channel improvement program that included channel realignments, 
bank stabilization works, and channel contraction. With the completion of Lock and Dam No. 4 
(Russell B. Long L&D) and No. 5 (Joe D. Waggonner, Jr. L&D), the waterway was opened to 
commercial navigation during late December 1994. 








The Red River is a heavily sediment laden alluvial mver with one of the highest sediment 
concentrations of all major navigable rivers within the United States. Therefore, the design 
engineers were tasked with the responsibility of developing a system that effectively managed 
the incoming sediment load. This required a delicate balance of keeping velocities high enough 
to transport the sediment but low enough not to adversely impact navigation. The channel 
improvement work has reduced potential sediment problems within the navigation channel. 
Revetments have limited the availability of sediment that historically entered the river through 
bank caving. Kicker dikes on the downstream end of revetments have resulted in maintenance 
free crossings and dikes constructed within troublesome depositional reaches have provided the 
contraction required to insure adequate depths for navigation. Some maintenance dredging has 
been required at a few isolated locations within the navigation pools. At these trouble sites, the 
Vicksburg District has and continues to raise revetments and add dikes to eliminate costly 
dredging. Since being opened, some dredging has been required in the approaches to the locks 
and dams. Modifications to Lock and Dam No. | (Lindy C. Boggs L&D) and No. 2 (John H. 
Overton L&D) have greatly improved the sedimentation conditions at these structures. With the 
lessons learned at these two locks and dams, sediment control features were incorporated into the 
design of Lock and Dam No. 3, Russell B. Long Lock and Dam, and Joe D. Waggonner, Jr. Lock 
and Dam thus reducing potential sedimentation problems at these structures. 


The development of effective sediment management features is crucial in minimizing 
maintenance for commercial navigation projects. This paper provides an analys - 
effectiveness of the sediment management features utilized on the Red River in providing an 
efficient, low maintenance navigation system. 


PROJECT HISTORY 


The Red River Waterway Project was authorized in 1968 with the primary purpose of providing 
a 9-foot deep by 200-foot wide navigation channel from the Mississippi River to Shreveport, 
Louisiana. A waterway project location map is provided as Figure 1. Lock and Dam No. | 
(Lindy C. Boggs L&D) located near Marksville, Louisiana was put into operation during the fall 
of 1984. Lock and Dam No. 2 (John H. Overton L&D), located downstream of Alexandria, 
Louisiana, became operational during the fall of 1987. Lock and Dam No. 3 located at Colfax, 
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Louisiana has been in operation since December of 1991. Lock and Dam No. 4 (Russell B. Long 
L&D) located near Coushatta, Louisiana and Lock and Dam No. 5 (Joe D. Waggonner, Jr. L&D) 
located downstream of Shreveport, Louisiana were constructed concurrently and were put into 
operation during December 1994. The channel realignment and bank stabilization program is 
essentially complete with only some raising of a few revetments and the construction of some 
channel control dikes at isolated trouble locations remaining. Since the waterway was opened in 
December 1994, a navigable channel has been maintained as iar upstream as the Caddo-Bossier 
Port (Post Project River Mile 211.5). This port is located approximately 16 miles downstream of 
downtown Shreveport, Louisiana. During 2000, the Red River Waterway was renamed and 
dedicated as the J. Bennett Johnston Waterway in honor of the long time U.S. Senator from 
Louisiana who was instrumental in securing funding for project construction. Currently, the 
waterway project is approximately 90 percent complete. Remaining work primarily includes 
construction of some additional channel control works at isolated locations, the construction of 
visitor centers at Shreveport and Natchitoches, Louisiana, the construction of additional 
recreational facilities, and finalizing project mitigation. 











Figure 1. J. Bennett Johnston Waterway Project Map 
GENERAL SEDIMENT CONDITIONS 


The Red River is a heavily sediment laden stream with an average annual suspended sediment 
load of approximately 32 million tons at Shreveport, Louisiana and approximately 37 million 
tons at Alexandria, Louisiana. The suspended sediment load per square mile of drainage area on 
the Red River is one of the highest of all navigable rivers within the United States. In fact, at 
Alexandria, Louisiana the annual suspended sediment load per square mile of drainage area is 
almost twice that of the Mississippi River at Tarbert Landing, Mississippi. The suspended 
sediment load on the Red River basically consists of 25% fine sand and 75% silt. Previous 
studies have indicated that the bed load on the lower Red River is less than 10% of the total 
sediment load. The bed is primarily composed of fine to medium sand. The bed material grain 
size distribution at Shreveport (post project river mile 228.4) consists of approximately 5% 
coarse sand, 52% medium sand, 39% fine sand, and 4% very fine sand. Like most natural rivers, 
the bed material grain size becomes finer downstream. At Alexandria (post project river mile 
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88.6), the grain size distribution includes approximately 2% coarse sand, 18% medium sand, 
65% fine sand, and 15% very fine sand. The Red River is a high-energy system characterized by 
high channel velocities. During highwater, mean channel velocities often approach 7 feet per 
second with maximum velocities exceeding 10 feet per second. The banks of the lower Red 
River generally consist of fine sand and silt. The combination of high channel velocities and 
easily erodible banks results in very active bank caving. Lateral migration of several hundred 
feet of bankline during a single highwater event is not uncommon. The primary source of 
sediment transported on the Red River is the erosion of unrevetted banks, especially those 
upstream of Shreveport. The sediment contribution from tributaries is minimal. 


CHANNEL IMPROVEMENT FEATURES 


The Red River Waterway Project included the construction and maintenance of a stabilized, 
rectified channel alignment that consists of a series of navigable bendways. Providing such a 
channel required stabilization of the concave bank in bends, selective channel control from the 
convex bank, and channel control in the crossings. Due to the sediment conditions on the Red 
River, sedimentation was a critical factor in the design of these waterway channel improvement 
features. The project design utilized to the maximum extent possible, the natural erosive action 
and the large sediment transport capacity of the high-energy river in developing the navigation 
channel. At the same time, the large sediment load provided a challenge to the design engineers 
in providing and maintaining a low maintenance channel. 


Channel Realignments. Many bends within the waterway reach of the Red River were too tight 
to be navigated by the Red River Waterway channel design tow. Therefore, these bends were 
realigned via a channel cutoff across the neck of the old bendways. For these channel 
realignments, the pilot channel concept was used. This construction procedure includes 
excavating a pilot channel of smaller section than the desired channel section and allowing the 
natural erosive action of the river to develop the pilot channel to its ultimate size. This method 
of channel realignment reduced the project cost by significantly reducing required excavation. 


Within the waterway reach of the Red River, 36 channel realignments were constructed that 
shortened the river by almost 50 miles. The pilot channels excavated for these realignments 
ranged from 80 feet to 200 feet wide. The excavated width was based on the probability of the 
pilot channel developing. The major factors that impact development are the slope advantage of 
realigning a long bendway with a shorter channel and the erodibility of the soils through which 
the pilot channels are excavated. The pilot channels with the greatest probability of development 
were those with the greatest slope advantage and those that traverse the more easily crodible 
soils. Of the 36 channel realignments, 33 adequately developed within relatively short time 
periods. Once the pilot channels were opened, development typically occurred quickly, usually 
within no more than a couple of highwater events. The 3 pilot channels that had trouble 
developing were excavated through backwater deposits of stiff clay. During highwater, the 
slowly developing pilot channels constricted the channel and significantly increased local 
channel velocities. These increased channel velocities resulted in the pilot channels being 
difficult to navigate. Therefore, all 3 pilot channels were widened by mechanical dredge. 
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Project criteria included the preservation of the old bendways that were at least a mile long for 
recreational and environmental purposes. Of the 36 realignments, 24 were of sufficient length to 
be preserved. The construction of these 24 realignm-nts resulted in the creation of 
approximately 5,900 acres of oxbow bendways. The bendways were preserved by constructing a 
non-overtopping closure dam across their upstream ends. This closure dam prevents the 
sediment laden river flow from entering the bendway from upstream and also helps facilitate the 
development of the pilot channel by forcing all of the river flow through it. The downstream end 
of the oxbow bendways are left open to the river to allow fish migration and recreational access 
and to allow an interchange of water with the river. However, undesirable sediment deposition 
that threatens to limit or at some locations eliminate river access occurs in the downstream end of 
the oxbow bendways. The severity of this deposition varies and is dependent upon several 
factors including the alignment of the old bendway with the realigned channel and the location of 
the old bendway within the pool. During 1996, the Vicksburg District completed an evaluation 
of the oxbow bendways. This evaluation recommended the dredging of a small low wate: 
channel through the deposited sediment in the downstream end of selected oxbows to maintain 
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continuous access to the old bendway from the river. At most of these bendways, a small access 
channel is naturally maintained without any dredging. The Vicksburg District monitors 13 of 
the oxbow bendways. During the past 3 years, some dredging has been required. In both 1998 
and 1999, 6 oxbow bendways were dredged while during 2000, 4 were dredged. At each of 
these bendways, a 20-foot wide channel with a bottom elevation of 5 feet below the permanent 
minimum pool level is dredged. Dredging is not required throughout the oxbow bendway but is 
limited to the very downstream end. In fact, the length of these access channels varies, but 
typically ranges from 500 feet to 2000 feet. 


Bank Stabilization. The types of revetment used on the Red River Waterway were trenchfill, 
stonefill, and timber pile revetments. At those sites at which the desired bankline alignment was 
located la..dward of the existing bankline, trenchfill revetment was used. This type revetment 
includes the excavation of a trench along the desired channel alignment and filling the trench 
with stone. As the bankline continues to erode, the trench is undermined and the stone in the 
trench launches down the face of the bank, thus stabilizing the bank and maintaining the desired 
channel alignment. Trenchfill revetments have proved ver, effective on high-energy rivers like 
the Red River that primarily traverse easily erodible soils. At those sites at which the desired 
bankline alignment was located riverward of the existing bankline, stonefill revetment, timber 
pile revetment, or a combination of the two were used. These type revetments protect the bank 
by inducing sediment deposition behind the revetment and thus build the bankline out toward the 
revetment. In the shallow sections along the desired alignment, stonefill revetment is used. In 
the deeper river sections, timber pile revetment, with some stone placed around the toe of the 
piling is used. Once sediment deposition has occurred behind these revetments, the revetments 
are raised or “capped-out” by placing additional stone on top of the deposited sediment along the 
revetment alignment. This construction procedure results in a less costly revetment than initially 
constructing the revetment to its ultimate height. 





Dikes. Channel crossings are natural sediment deposition locations. Project design studies 
determined that to maintain navigation depths, channel widths must be limited to 450 feet in 
crossings in the upper reaches of the pools where depth is critical and 600 feet throughout the 
remainder of each pool. To provide this limiting channel crossing width, kicker dikes are 
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provided on the downstream end of revetments. These dikes are an extension of the revetments 
and reduce sediment deposition in the crossings by contracting the channel and thus keeping 
velocities high enough to prevent excessive sediment deposition. Once raised to their ultimate 
height, kicker dikes on the Red River have proved very effective in maintaining an adequate 
navigation channel in the crossings. 


In the very upper ends of the pools where channel depths are most critical, navigation depths are 
maintained by the construction of additional contraction structures (ACS). These structures are 
stone dikes that extend from the convex bank to contract the channel. The contracted channel 
creates a deeper channel due to bed scour. The ACS constructed on the Red River have been and 
continue to be very effective in maintaining a developed navigation channel within the upper 
most reach of each pool. 





Figure 2. Crain Revetment Kicker Dike Figure 3. Hog Lake ACS 


Except for a few isolated locations, the channel throughout the Red River Waterway has 
adequately developed. In those isolated reaches, troublesome sediment deposition has occurred, 
resulting in some channel dredging. At these sites, the District continues to raise revetments and 
construct channel control dikes to limit sediment deposition. As these structures are completed, 
additional channel development has occurred. The Vicksburg District continues to monitor 
channel conditions and is committed to providing a low maintenance navigation channel 
throughout the waterway project reach. Table | includes the dredging quantities by pool from 
1989 through 1999 except for 1992. Quantities from 1992 have been omitted because the 
dredging record for that year is incomplete. This data shows that the 9-mile reach from Lindy C. 
Boggs Lock and Dam to the mouth of the Black River (identified as Below L&D1) has required 
considerable dredging, averaging over 1,000,000 cubic yards per year. Stages within this reach 
are not controlled by any downstream structure but are dependent upon backwater from the 
Mississippi River. Therefore, this reach is subject to large variations in stages including 
extremely low stages. The channel within this reach has been greatly contracted in an effort to 
reduce sediment deposition. However, even with this channel contraction, dredging is required 
regularly. Within all the pools with the exception of Pool 5, some dredging has been required. 
No dredging has been required in Pool 5 because the navigation channel is only maintained as far 
upstream as the Caddo-Bossier Port. In Pools | through 4, varying amounts of dredging have 
been required with the most dredging occurring in the upper end of Pool 3. Within each pool, 
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the dredging is limited to a few isolated locations. Since the Red River is dynamic, problem sites 
occasionally develop as the hydraulics and geometry of the channel changes. As problems 
develop, .1e District designs and constructs applicable channel control features to reduce the 
deposition. For example, dredging was required in Pool 1 during the carly 1990's but was 
limited to one location, the Vick—Barbin crossing. As a result, a kicker dike was constructed off 
the downstream end of the Vick Revetment and dredging was eliminated at this crossing. In 
Pool 3, substantial dredging has been required primarily in the upper end of the pool. As a 
result, the revetments were capped-out at Kadesh, Socot, and Campti and dikes were constructed 
at Powhatan and downstream of the Highway 6 Bridge at Grand Ecore. In Pool 4, sediment 
deposition hindered navigation at two locations (Eastpoint and Westdale) within the upper reach 
of the pool. As a result, channel control dikes were constructed at Eastpoint. At each of the 
locations discussed above, the additional channel control work has helped reduce the need for 
costly maintenance dredging. 


Table 1. Historic Dredging in Red River Pools 


Dredg ing Quantities (cubic yards) 

Year Below L&D! Pool | Pool 2 Pool 3 Pool 4 Pool 5 

1999 591,782 37,306 47,240 271,122 21,363 0 
1998 1,416,730 136,065 124,418 728,944 140,381 0 
1997 414,594 20,573 0 231,762 0 0 
1996 0 0 77,547 319,489 0 0 
1995 426,283 0 0 1,126,915 258,980 0 
1994 843,404 0 0 N/A N/A N/A 

1993 1,323,493 0 0 N/A N/A N/A 

1992 Data Record Not Complete 

1991 2,127,066 354,000 0 N/A N/A N/A 

1990 1,791,417 460,053 0 N/A N/A N/A 

1989 1,237,031 131,215 0 N/A N/A N/A 

LOCKS AND DAMS 


The physical layout of locks and dams can and often does result in eddies and slack water areas. 
These areas are natural sediment deposition zones. Therefore, great care must be taken on 
heavily sediment-laden rivers to design locks and dams that minimize sediment deposition while 
at the same time are safe for all waterway users. During the first highwater after Lock and Dam 
No. | (Lindy C. Boggs L&D) was opened during the fall of 1984, significant sediment 
deposition occurred at 4 primary locations. These problem areas were (1) in the upstream lock 
approach channel, (2) along the riverside lockwall, (3) in the downstream lock approach channel, 
and (4) against the downstream lock miter gates. During the design of this structure, model 
studies indicated that sediment deposition would occur in each of these areas but not to the extent 
that actually occurred. This sediment deposition resulted in damage to the lower miter gates. 
Repair of this damage closed the lock and dam and therefore, closed the river to navigation for 
approximately 3 months. Analyses indicated that areas of channel expansion and flow separation 
created sediment deposition inducing slack water and eddies at this lock and dam. Two- 
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dimensional numerical model studixs were used to evaluate the problems and aid in the 
determination of appropriate solutions. The results of these studies indicated that structural 
measures were required to either reduce the amount of sediment deposition or at least relocate 
the deposition to more manageable areas of the channel. These measures included constructing 
dikes in the upstream approach channel, raising the wall that separates the downstream lock 
approach channel and the dam outlet channel, and laying back the nght descending bank 
downstream of the dam. The dikes were constructed from the night descending bank in the 
upstream approach channel to contract the channel with the hopes of limiting sediment 
deposition there. The I-wall was raised to prevent sediment-laden flow from overtopping the 
wall during higher water, thus moving the troublesome sediment deposition away from the lower 
miter gates. The bank downstream of the dam was realigned to create more desirable flow 
patterns in the dam outlet channel. As Table 2 shows, even with these modifications, dredging is 
still required at Lindy C. Boggs Lock and Dam. However, the dredging is less than that required 
before these measures were incorporated and is now limited to more manageable areas. Since 
these features were incorporated in the mid-1980", the lock has not been closed due to sediment 
deposition problems. The District continues to evaluate structural measures to reduce sediment 
deposition at this structure. 


Table 2. Historic Dredging At Red River Locks and Dams 


Dredging Quantities (cubic yards) 
Boggs Overton Long Waggonner 
Year L&D L&D L&D No. 3 L&D L&D 
1999 664,384 203,637 32,932 58,930 21,956 
1998 812,367 195,587 81,11" 49,937 18,040 
1997 390,068 238,389 113, 73,134 30,033 
1996 180,275 45,794 33,lec 23,396 0 
1995 640,342 245,803 129,246 41,923 32,540 
1994 685,761 223,275 65,733 N/A N/A 
1993 1,060,385 $90,500 279,764 N/A N/A 
1992 Data Record Not Complete 
1991 809,001 114,180 N/A N/A N/A 
1990 1,482,097 464,785 N/A N/A N/A 
1989 966,297 266,041 N/A N/A N/A 
Average 769,098 258,799 105,004 49,464 20,514 


As a result of the sediment deposition problems experienced a Lindy C. Boggs Lock and Dam, 
the District anticipated some sediment deposition at John H. Overton Lock and Dam. However, 
several design features at John H. Overton Lock and Dam that differ from Lindy C. Boggs Tock 
and Dam indicated a reduction in sediment deposition problems could be expected. These 
features included a cross section at the structure that more closely represented that of the natural 
river section, no separation between the lock structure and the dam structure, and fixed 
guidewalls instead of floating guidewalls. However, even with these changes, the potential for 
deposition within the approach channeis .cmained. Both physical and numerical model studies 
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were conducted to determine if additional structural measures were needed. As a result, a stone 
sediment control dike extending downstream from the riverside lockwall and a narrowing of the 
approach channels were incorporated. Subsequent to opening this lock and dam, sediment 
deposition occurred in the vicinity of the upstream miter gates and the downstream lock 
approach channel. To reduce the deposition at the miter gates a high velocity scour jet system 
was installed during July 1988. This system has been very successful in limiting sediment 
deposition at the miter gates. As Table 2 shows, some dredging is required at John H. Overton 
Lock and Dam but quantities are about one third of those at Lindy C. Boggs Lock and Dam. 


Based on the experience gained at the two lower locks and dams and on physical and numerical 
model studies, the design of Lock and Dam No 3, Russell B. Long Lock and Dam, and Joe D. 
Waggonner, Jr. Lock and Dam included structural modifications aimed at significantly reducing 
sediment deposition. At all three of these structures, the downstream guidewall was moved from 
the landside of the lock to the riverside, uncontrolled pipes were provided through the 
downstream lock sill, and like John H. Overton Lock and Dam, a channel cross section that 
closely approximates the natural river section was provided. At both Russell B. Long Lock and 
Dam and Joe D. Waggonner, Jr. Lock and Dam, more elaborate scour jet systems were installed 
at both the upstream and downstream miter gates. As Table 2 shows, required dredging at Lock 
and Dam No. 3 is significantly less than that at the lower two locks and dams with average 
volumes being less than 15 percent of those dredged at Lindy C. Boggs Lock and Dam. Table 2 
also shows that required dredging at Russell B. Long Lock and Dam and at Joe D. Waggonner, 
Jr. Lock and Dam is minimal when compared to the lower two locks and dams. The historic 
dredging indicates that the District learned its lessons well with Lindy C. Boggs Lock and Dam 
and John H. Overton Lock and Dam and designed, constructed, and are now operating the upper 
three locks and dams with very limited maintenance dredging required. 


CONCLUSIONS 


The fact that the Red River is a high-energy system with a high sediment transport capacity was 
both an asset and a hindrance in the design, construction, operation, and maintenance of the 
waterway project. These characteristics were an asset in that they reduced the project cost by 
providing for the development of project features. These features included pilot channels, 
trenchfill revetments, and capping-out of stonefill and timber pile revetments. The sediment 
conditions were a hindrance because they resulted in troublesome deposition at the locks and 
dams that required costly removal by dredging. Also, the availability of sediment transported by 
the river required the costly construction of transverse dikes in depositional reaches and kicker 
dikes on the downstream end of revetments in crossings. 


Since the waterway was opened, dredging has been required in the approach channels to the 
locks and dams and to a lesser extent within the navigation channel within the pools. 
Modifications to the locks and dams have reduced the required dredging but still some dredging 
is required. Within the pools, the Vicksburg District continues to cap-out revetments and 
construct channel control dikes to reduce dredging within the navigation channel. However, 
given the flow and sediment conditions on the Red River, required dredging to provide and 
maintain a viable commercial navigation system has been and continues to be of manageable 
quantities. 
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GEOMORPHIC ANALYSIS TECHNIQUES 
APPLIED TO PACIFIC NORTHWEST RIVERS 


Timothy J. Randle and Jennifer A. Bountry, Hydraulic Engineers 
U.S. Bureau of Reclamation, Technical Service Center, Sedimentation and River Hydraulics Group 
P.O. Box 25007 (D-8540), Denver, Colorado 80225 


INTRODUCTION 


The study of geomorphic processes im a river system can provide crucial information for resource managers. Every river system 
is unique and a geomorphic study often becomes a research effort Nhen resource management issues arc at stake, researchers 
must provide accurate information to managers in a timely and cost-effective manner Researchers must decide how best to 
collect and analyze data from river systems within the tome and budget constraints of a given study Some investigators may 
attempt to assert too much with too little data while other investigators attempt to collect and analyze too much data or don't 
focus the research on topics of interest to resource managers The best method for determining when 1o appropriately obtain and 
analyze data 1s still the screntific method formulate a set of hypotheses and determine the type of data and analyses that are 
needed to test these hypotheses. The collection and analysis of data without any hypothesis to test 1s often a w ésictui exercise. 
The research hypotheses need to be driven by resource management questions if the research 1s to provide usefui ‘nfo. mation to 


resource managers 


The geomorphic data collection and analysis techniques that were applied by the U S_ Bureau of Reclamation (Reclamation ) to 
six different rivers un the Pacific Northwest are presented in this paper All of the six rivers have steep channel gradients with 
gravel beds Each river is being studied for unique reasons and, in cach case, a cooperative study effort has been established 

with several different agencies and individuals who are interested in the results This paper discusses which study approaches 
were the most useful to accomplishing the study goals and which approaches were not as useful In addition to the literature 

reviews, the types of data collection activities for these river studies included 


field reconnaissance by ground and air 

topographic surveys of the river channel, floodplains, and terraces 
bed-material size gradation measurements 

stream gaging of discharge and sediment load 

collection and analysis of historcal maps, ground photographs, and aerial photography 
collection and analysis of tree ring samples 

collection and analysis of soil samples and radiocarbon | 4C dating 


Analysis methods applied to these studies include orthorectification of aerial photographs. contour mapping of the nver channel 
and floodpiain, geomorphic mapping, hydraulic modeling, and sediment transport analysis and modeling While each of the 
geomorphic studies discussed in this paper are unique, the lessons learned from these studies can assist in preparing study plans 
for other Pacific Northwest Rivers 


PILGRIM CREEK NEAR MORAN, WYOMING 


Prigrim Creek flows from a $0-mi2 drainage of the Teton Wilderness Area near Moran, Wyoming Although Pilgrim Creek has 
no long term stream gage, the annual mean flow was estimated to be 52 ft}/s with a mean annual runoff of 14 inches The 
highest peak flow recorded was 2,250 ft}/s on June $, 1997, which was very close to the 100-year flood peak. The lowest mean- 
monthly flows, 8.8 ft5/s, occur during January and February (U.S. Department of the Interior, 1998). Pilgrim Creek has large 
sediment loads of sand, gravel, and cobbles The creek flows across an alluvial fan within Grand Teton National Park before 
entering Jackson Lake on the Snake River Jackson Lake 1s a naturally deep lake (maximum depth of 400 feet) that was raised 
40 feet by the construction of Jackson Lake Dam. Ongynally, a tember-crib dam was privately constructed during 1906-1908, 
but that dam failed soon after its construction in 1910. The left abutment of the dam had been built on the Pilgrim Creek alluvial 
fan near the active channel of Piigrim Creek Before a new dam could be constructed, the downstream most portion of the creek 
had to be moved so that 1 entered the lake farther upstream from the dam site Reclamation rebuilt a larger dam at this location, 
which was completed in 1916 (Piety and others, 1998) 


Ever since the dam's reconstruction, Reclamation has been managing Pilgrim Creek to stay away from Jackson Lake Dam and to 
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enter the reservoir rather than the Snake River channel downstream. Management activities of the creek have included the 
excavation of the nver gravels to construct channels and dikes across the alluvial fan. However, in 1996, the granting of a 
permut for channel maintenance activities became a controversial issue. The U.S. Army Corps of Engineers was not willing to 
grant a permit to construct dikes with nver alluvium. However, an emergency permit was granted under the condition that 
Reclamation fully study the continuing need to build dikes and channelize the creek (Piety and others, 1998) The key questions 
for this study included: 


© Is the river still aggrading across the alluvial fan? 
© What ts the risk of the creck causing crosion of Jackson Lake Dam” 
e What ts the nsk of the creck entering the Snake River downstream from Jackson Lake Dam? 


The study concluded that the creek was transporting its sediment load through the upper reach of the alluvial fan. However, 
coarse sediments had been aggrading the middie reach of the alluvial fan and causing channel avulsions. Geomorphic analysis 
including radiocarbon '!4C dating determined that the Pilgrim Creek channel had not changed its course across the upper alluvial 
fan during the past 2000 years. Analysis of histonc aerial photographs revealed that the creek channel was wide, straight, and 
braided through the upper fan reach and that channel avulsions had occurred in the middie reach of the alluvial fan during the 
last several decades. After the coarse sediments had deposited in the mmddie fan reach, the creek channel was narrow and 
meandering in the lower fan reach Cross-section surveys of the creek channel revealed that the longitudinal slope decreased in 
the middie fan reach. Sediment load measurements and transport calculations indicated that the sediment transport capacity was 
relatively high through the upper fan reach, but that it decreased through the middie and lower fan reaches Analysis of sediment 
samples from the creek bed proved that the coarse gravel and cobble-sized sediments were not being transported all the way 
through the lower fan reach 


During the 1980's, Reclamation had excavated a straight pilot channel through the middie fan reach of the alluvial fan During 
the course of the study, Pilgrim Creek flows were unusually high from the 1997 spring snowmelt. Hydrologic analysis of the 
discharge data indicated that the maximum flow that year was near the magnitude of the 100-year flood peak The unusually 
high flows from the 1997 spring snowmelt caused the new pilot channel to erode and become wider and steeper through the 
middie fan reach. The high flows also caused the channel through the lower fan reach to erode its banks and become wider and 


straighter. The straightening of the channel also made it steeper and gravels were transported through the entire middie fan reach 
and through most of the lower fan reach for the first time The observations and measurements that were made during the high 


flows of 1997 were valuable for understanding the physical processes of Pilgrim Creck and for making future predictions. The 
risk of Pilgrim Creek having a channel avulsion and causing damage to Jackson Lake Dam or entering the Snake River 
downstream from the dam was judged to be very low. The Pilgrim Creek Maintenance Program had ultymately been successful 
in forcing Pilgrim Creek into a stable channei that now enters Jackson Lake much farther upstream than the channel location of 
the carly 1900's. 


For the aggrading channel of Pilgrim Creek, the field measurements of bed-material surface size, radiocarbon dating of terrace 
soils, and channel topography were all very useful Survey data of the Snake Rive. channel, downstream from Pilgrim Creek, 


were never used. The analysis of aerial photographs, river hydraulics, and sediment transport capacity were necessary to support 
the study conclusions. 


TETON RIVER NEAR DRIGGS, IDAHO 


Teton Dam near Rexburg, idaho suddenly failed on first filling of the reservow in 1976. Although several studies have been 
done on the catastrophic impacts to people and property downstream from the dam, the impacts of the dam failure on the | 7-mile 
reach of the former reservow area were never formally evaluated To determine what impacts did occur in this upstream canyon 
reach (from the filling of Teton Reservoir and subsequent failure of Teton Dam), a geomorphology and river hydrau..cs study 
was completed by Reclamation during 1997-2000, more ‘han 20 years since the dam failure (Randle and others, 2000, Sountry 
and Randle, 2001). When Teton Dam failed, the reserv ir was 270 feet deep (at the dam) and drained in less than 6 hours. The 
filling and the subsequent rapid draining of the reservoir triggered more than 200 landslides in the river canyon that was 
inundated by the former reservoir, Debris material from these landslides covered river terraces and burned the nver channel in 
several locations. In add:tion, many existing riffles were enlarged by landslide debris and, in some locations, new rapids were 
formed. A complex of 27 rapids now exists in the river canyon creating slow-velocity pools upstream of each rapid. In 1997, a 
100-year flood resulted in only minor reworking of the landsiide debris that had depos*ted in the river channel The study 
concluded that it would take centunes of natural weathering to erode the large boulders that comprise the existing rapids The 
annual mean flow of the Teton River is 843 ft3/s. With a total drainage area of 890 mi2, the mean annual runoff is 13 inches 
Except for the dam failure, the highest peak flow recorded was | 1,000 ft3/s on February 12, 1962 and the lowest mean-daily 
flow recorded was 199 ft3/s 
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Predam aerial photographs and contour maps of the nver canyon were compared with recent aerial photographs and a ncw 
survey of the existing nver channel. This comparison was made to document the impacts of reservoir filling and dam failure and 
to put these smpacts in the context of natural processes. The logistics of a bathymetric survey in this remote river canyon were 
very difficult, but the data were essential to the study. Historncal photographs and analysis of soil samples showed that 
landshides have been occurming in the canyon for thousands of years, but that this natural process was greatly accelerated by the 
failure of Teton Dam. Several deep pools and nffles were present at the time of the dam failure, but hve been enlarged due to 
the deposit of additional landslide debris. In two separate iocations, the landslide debris has created new rapids with more than 
16 feet of drop im the water surface. These rapid complexes have significantly raised the water surface of the river relative to 
predam conditions. 


Bed-material data from the river channel was used to evaluate the impacts of landslides on sediment transport. It was determined 
that sand and gravel-sized sediments are being trapped in the four upstream most pools of the former reservouw. Hydraulic 
modeling was performed to predict water depth. velocity, and the travel time of water for a given discharge. Water-temperature 
data were collected concurrently throughout the river canyon to determine if summer flows were being warmed as they passed 
through downstream river pools. The temperature data indicated that river flows were being warmed by | to 2 °F. The 
hydraulic modeling results correlated this warming with an increase in the travel time of water through the deeper and slower 
nver pools. Baihymetnc surveys of the channel bottom, comparison of current and historc aerial photographs and maps, and the 
modeling of river hydraulics were very useful for documenting the impacts of dam construction and failure. 


ELWHA AND GLINES CANYON DAMS, EL WHA RIVER NEAR PORT ANGELES, WASHINGTON 


The Elwha River flows northward from the Olympic Mountains of northwest Washington State to the Straight of Juan de Fuca 
near the town of Port Angeles, Washington The upper watershed of the Elwha River 1s located within Olympic National Park 
and within a Wilderness Area (U.S. Department of the Interior, 1996). With a mean annual flow of 1,508 ft3/s, and a drainage 
area of more than 270 mi2, the Elwha River 1s the fourth largest river on the Olympic Peninsula The mean annual runoff 1s 76 
inches. The highest peak flow recorded was 41,600 ft3/s on November 18, 1897 and the lowest mean-daily flow recorded was 
10 £13/s on October 3, 1938. 


Private c ompanies constructed two large dams on the Elwha River during the early 1900's. Elwha Dam, constructed during the 
period 1910-13, is a 105-foot high concrete gravity dam that forms Lake Aldwell 8 miles upstream from the river's mouth. 
Glines Canyon Dam, built in 1927, is a 210-foot high concrete arch dam that forms Lake Mills 13 miles upstream from the 
river's mouth. When the dams were first built, they were significant producers of electricity on the Olympic Peninsula. Today, 
the dams are operated in a run-of-the river mode and generate about 40 percent of the electricity needs for the Diashowa America 
paper mil] in Port Angeles. Washington. These two large dams have no facilities for the upstream passage of anadromous fish 
and thew removal would provide an opportunity to restore an entire watershed to near natural conditions (U.S. Department of the 
Interior, 1996). 


The U.S. Department of the Interior has recently purchased Elwha and Glines Canyon Dams in preparation for their removal. 
One of the mayor challenges in removing these two dams 1s the management of nearly 18 million yds} of sediment trapped 
within the two reservoirs Of this total sediment volume, 13 million yds? 1s trapped behind Glines Canyon Dam in Lake Mills 
and § million yds} 1s trapped behind Elwha Dam in Lake Aldwell About one half of the sediments in Lake Mills 1s coarse 
grained (sand, gravel, and cobble-sized) and the remaining half is fine grained (clay and silt-sized). Some of the fine-grained 
sediments are transported through the reservoirs while the remainder 1s deposited along the reservoir bottoms. All of the coarse- 
grained sediments are trapped within the reservoirs as delta deposits located at the upstream end of each reservoir, The width of 
these reservoir deltas 1s large, about ten times greater than the width of the alluvial river channel. 


The Lake Mills drawdown experiment (Childers and others, 2000) was crucial to learning about the erodibility of reservour 
sediments. Lake Mills was drawn down |8 feet over a one-week period and then the lake elevation was held constant for one 
additional week. This drawdown experiment exposed the upper layer (12 to | 8-foot thickness) of coarse delta sediment to direct 
erosion by the Elwha River Several! types of data were collected throughout the drawdown experiment including. 


river discharge 

suspended sediment concentration and water quality 

bed load 

particle size gradations and chemical composition of the upper delta layer 
repeat cross section measurements of the delta surface (above and below water) 
trme-lapsed photography of the delta erosion 
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During the reservoir drawdown, vertical incision through the coarse delta sediments was very rapid, but the width of erosion was 
much less than the reservou delta width. The eroded sedimeris redeposited in the receded lake and formed a new delta 
immediately downstream of the initial delta front. Once the reservoir was drawn down 18 feet, the lake elevation was held 
constant for another week. During the period of constant lake elevation, lateral erosion processes dominated the continued 
erosion of the exposed delta, especially at the downstream end. The width of ercsion was near zero at the delta's upstream end, 
but increased at a parabolic rate in. the downstream direction until the erosion width equaled the reservoir width at the delta face 
(Randle and others, 1996). 


The Lake Millis drawdown experiment provided critical data for a new sediment erosion model and helped lead to the conclusion 
that the reservoir sediment erosion could be managed by controlling the rate of reservoir drawdown and that not all of the 
sediments would be eroded from the reservoir. The new reservoir sediment erosion model was an empirically based mass 
balanced mode! (Randle and others, 1996). This model predicted the rates and final quantities of fine and coarse-grained 
sediments eroded fron: each reservoir. The standard HEC-6 model (U.S. Army Corps of Engineers, 1993) was applied, using 
measured cross sections of the downstream river channels, te predict the potential for sediment deposition. The selected plan for 
managing the 18 million yds} of reservoir sediment 1s to concurrently remove both dams, in controlled increments, over a two- 
year penod. Rates of sediment erosion, transport, and deposition are to be intensively monitored during dam removal. These 
rates will be monitored to determine if they match the predicted values within acceptable limits before proceeding with the next 
increment of dam removal (U.S. Department of the Interior, 1996). 





SAVAGE RAPIDS DAM, ROGUE RIVER NEAR GRANTS PASS, OREGON 


Savage Raids Dam is located in south-central Oregon, on the Rogue River, just 5 miles upstream from the town of Grants Pass. 
The annual mean flow of the Rouge River is 3,372 ft3/s. With a total drainage area of 2,459 mi2, the mean annual runoff is 19 
inches. The highest peak flow recorded was 152,000 ft3/s on December 23, 1962 and the lowest mean-daily flow recorded was 
744 ft3/s. Savage Rapids dam was built in 1921 to divert ziver flows for irrigation. The dam is 40 feet tall and creates a 
backwater pool that extends , mile upstream during the non-irrigation season and 2 '4 miles upstream during the irngation 
season. The reservoir width is relatively narrow, only two to three times greater than the width of the river (Bountry and others, 
written communication, 2000). Although the dam has fish ladders, these ladders are old, do not meet current regulations, and 
only allow limited fish passage. Dam removal has been proposed to restore fish passage to natural conditions. The dam would 
be replaced with two pumping plants that would deliver water to the irrigation canals. A sediment study was requested by the 
Grants Pass Irrigation District to determine the sediment-related impacts of dam removal. 


The volume and quality of the reservoir sediments were the critical properties to be determined. Previous estimates of the 
reservoir sediment volume had ranged from 0.5 million to | million yds}. These estimates were based on limited information 
and seemed large for a reservoir of this size. Because the reservoir is significantly drawn down during the winter flood season 
(non-irnigation season), river conditions exist in the upper two miles of the reservoir during the period of maximum sediment 
inflow. Therefore, sediment was not able to significantly deposit along the upper two miles of the reservoir, but it did deposit in 
the 2-mile reach »mmediately upstream from the dam where the permanent pool was established. The techniques that were used 
to determine a more accurate estimate of the s sdiment volume included a visual inspection of the shoreline during a low 
reservoir pool, dive team examinations of the reservoir bottom, bathymetric surveying of the reservoir bottom, and core drilling 
of the reservoir sediments. Based on these mure accurate techniques and a knowledge of reservoir operations, the reservoir 
sediment volume was determined to be only 200,000 yds} This volume is roughly equivalent to a 2-year sediment supply from 
the Rogue River. The reservoir sediments were found to consist of 71 percent sand, 27 percent gravel, and 2 percent silt and 
clay. Chemical testing of the reservoir sediments did not find any contaminants in concentrations significantly greater than 
natural background levels. These sediments would not pose any hazard io water quality, fish and wildlife, or human uses if 
released downstream of the dam (Bountry and others, written communication, 2000). Without drill-hole data and without an 
analysis of reservoir operations, the previous estimates of the reservoir sediment volume were significantly too high. Drill hole 
data from the deep areas of the reservoir were necessary to accurately determine the reservoir sediment volume and chemical 
composition. 


A bathymetric survey of the downstream river channel was performed to develop river cross sections. The HEC-6t sediment 
transport model (Thomas, |996) was used to simulate the erosion of sediments from the reservoir and their transport 
downstream. Model results indicate that the majority of sediments would be eroded from the reservoir within the first year 
following dam removal. The downstream transport of this sediment is dependent on the magnitude and duration of nver flows 
following dam removal. 
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DUNGENESS RIVER NEAR SEQUIM, WASHINGTON 


The Dungeness River is a gravel and cobble-bed stream located on the Olympic Peninsula of northwestern Washington State 
The river flows northward about 30 miles from the base of Mount Deception in the Olympic Mountains to the Strast of Juan De 
Fuca near the town of Sequim. The watershed has a drainage area of more than 156 mi2, a portion of which is located within the 
boundanes of Olympic National Park. The river ts steep, falling about 3,300 fect im 28 mules for an average slope of 0.022. The 
river slope 1s steepest in the upper watershed canyons, but decreases downstream. The downstream most |0 miles of river flows 
across a piedmont surface, composed of glacially-derived sediment and outwash. The channel in these lower !0 mules has 
incised into this material since the Pleistocene (about 10,000 years ago) and meandered some, but within a relatively narrow 
corndor. The annual mean flow of the Dungeness River is 386 ft3/s with a mean annual runoff of 33 inches. Th highest peak 
flow recorded was 7,120 ft3/s on November 24, 1990 and the lowest mean-daily flow recorded was 65 ft}/s. 


There has been a sharp decline in the numbers of salmon returning from the ocean to spawn in the Dungeness River. Two 
species of salmon are now listed as endangered. The upstream watershed has been affected by logging and the associated road 
building. The lower ten miles of river have been affected by the construction of levees, dikes, bridges, bank armoring, and by 
irrigation withdrawals and the removal of large woody debris. The physical processes of the Dungeness River are being studied 
to determine the degree to which natural processes have been impacted by human development. A comprehensive study 
approach has been initiated because the processes are complex and interdependent. The following types of data have been 
collected and analyzed during the course of the study (Piety and others, written communication, 2000): 


e A network of more than 60 river cross sections was established with monuments along the lower 10 mules of the river in 
1997. Data from this cross-section network define the channel geometry and slope and will serve as a baseline for future 
monitoring. The data were also used in a hydraulic model to identify reaches of low sediment transport capacity and to 
document the hydraulic impacts of levees, dikes, and bridges. 


e The sediment grain-size distribution of the river-bed material was measured at various locations along the lower |0 miles 
of the river. Both the surface and sub-surface layers of the bed material were measured in the field. These data were 
collected to determine if the coarse gravel and cobble-sized sediments were being transported ll the way to the estuary 


e Suspended sediment load and bed load rates were measured to determine sediment yield rates from the upstream 
watershed and to verify predictive sediment transport equations Sediment modeling can then be applied to estimate 
rates of channe! degradation, aggradatron, or avulsions. 


e Current and historic aenal photographs and maps werc examined to determine the historical boundanes of the channel, 
rate of channel migration, and if the channel was subject to avulsions. Soil samples were collected from river terraces 
for radiocarbon |!4C dating to determine how many years it had been since the channel had abandoned the terraces 


¢ Time lapsed photography was also taken at three locations along the river channel to determine if large woody debris 
caused the formation of gravel bars and to determine the rates at which the bars are formed. 


HOH RIVER NEAR FORKS, WASHINGTON 


The Hoh River 1s a gravel and cobble-bed stream also located on the Olympic Peninsula of northwestern Washington State. The river 
flows westward about 60 miles from the base of Mount Olympus to the Pacific Ocean near the town of Forks, Washington. The 
watershed has a drainage area of more than 253 mi2 a large portion of which 1s located within the boundanes of Olympic National 
Park. The river is steep, falling about 5,000 feet in 58 miles for an average slope of 0.016. The river slope is steepest in the upper 
watershed canyons and decreases in the downstream direction. In the downstream most 30 miles, the average slope decreases to 
0.0025. The river 1s meandering and flows through very high glacial terraces all the way to its mouth. Bedrock outcrops have been 
observed in the channel at several locations along the nver The annual mean flow of the Hoh River 1s 2,524 ft3/s wit) a mean annual 
runoff of 135 inches. The highest peak flow recorded was $4,500 ft3/s on November 24, 1990 and the lowest mean-daily flow 
recorded was 252 ft3/s. 


There has also been a sharp decline in the numbers of salmon returning from the ocean to spawn in the Hoh River Logging and 
the associated road building have affected the upstream watershed Landslides and debris flows are common throughout the 
drainage Roads are adjacent to the channel! and floodplains along the downstream 30 miles of the river In some locations, the 
riverbanks have been extensively armored with mp rap to stop active bank erosion The physical processes of the Hoh River are 
being studied to determine the degree to which natural processes have been impacted by human development 
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This study is just beginning. Data collection activities in the year 2000 have included a nver channel survey along the lower 3! 
mules of nver and preliminary comparison of current and historic aerial photographs. The nver channel survey was performed 
from a raft using global positioning system instruments and a depth sounder. The channel survey data wil! be useful for 
hydraulic modeling and future monitoring. Installation of cameras with automatic timers 1s being planned to produce time- 
lapsed videos at areas of active bank erosion to determine how certain reaches are presently responding to engineered log jams or 
how thry may respond in the future. The analysis of current and historic aerial photography ts expected be very useful in 
evaluating changes in river channel location. 


SUMMARY AND CONCLUSIONS 


Field reconnaissance was performed by various means, including driving and walking along the river channels, on al! six ver 
studies. Helicopters were chartered to view and photograph the river channels and mountain watersheds of Pilgrim Creek, the 
Dungeness River, and the Hoh River. Rafts were used to observe and measure the bottom topography along the Teton River, 
Rouge River, and Hoh River. The use of rafts would not have been practical on either Pilgrim Creek or the Dungeness River 
because the flow rates were too low on these wide, shallow channels. When practical, the use of helicopters and rafts was found 
to be a very effective way of observing channel and watershed processes including the presence of landslides, debris flows, 
sediment erosion and deposition, and the interactions between river hydraulics, sediment transport, and large woody debris. 


Topographic survey of the river cnannel, floodplains, and terraces was performed on all six river studses either by wadding the 
channel or from a raft. The survey data were measured along cross section lines perpendicular to the channel flow. Additional 
channel data were easily measured between cross sections when the data were collected from a raft (e.g., Teton River, Rouge 
River, and Hoh River). In all six studies, the survey data were used to document the river-channel geometry and slope and as a 
basis for future monitoring. The survey data were used for the numerical modeling of river hydraulics and sediment transport. 
One-dimensional hydraulic models were used to predict the average channel velocity and depth for a range of discharges on each 
river study. Hydraulic model results were also used to predict reaches of low sediment transport capacity where channel 
aggradation can occur. 


Sediment particle size measurements were performed on five of the six rivers. Depending on the river being studied, 
measurements were made on the river bed surface layer, the underlying bed layer, and throughout the thickness of the reservoir 
sediments. Present or future aggradation of the riverbed is a significant issue for all of the rivers being studied. Sediment particle 
size measurements of the river-bed surface, for various locations along the river channel, were compared to determine if coarse 
sediments were being transported through the study reach or if they were being deposited along the channel. This comparison 
was helpful for studies of Pilgrim Creek, Teton River, Dungeness River, and will likely be helpful for the Hoh River study 
Degradation of the riverbed was not a significant issue for any of the river studies. Thus, measurements of the underlying bed- 
material layer were not particularly useful. For the case of the two dam removal studies, the sediment particle size measurements 
of the reservoir sediments were crucial for the sediment transport modeling of the downstream river channels. However, the 
sediment particle size data were not useful for predicting aggradation of the downstream river channels because sediment particle 
mixing 1s not expected to occur between the eroding reservoir sediments and the existing coarse sediments of the downstream 
river channel. 


Stream gaging of discharge and sediment loads was performed on Pilgrim Creek, Elwha River, and the Dungeness River 
Water discharge was measured on all six rivers that were being studied The sediment load measurements were expensive and 
required the use of large bed-load samplers (6 by |2 inches) operated from a small crane. However, these data were valuable for 
determining a sediment budget and for numerical modeling of the sediment transport This type of data would have been 
valuable for all of the six river studies. 





Collection and analysis of historical maps, ground photographs, and aerial photography were performed for all six river 
studies. This collection and analysis were very valuable when the historic data existed, especially when it was available prior to 


significant water resources development 


Collection and anatysis of tree ring samples were valuable for determining the minimum age of channe! abandonment for the 
study of Pilgrim Creek. This has not yet been applied to the other river studies where the tree growth 1s much more rapid or 
where the age of trees 1s less than the period already described by aerial photography 








Collection and analysis of soil samples for radio carbon-14 dating were found to be very valuable for determining bow many 
years it had been since an alluvial terrace had been abandoned by the river channel This data was used to determine the lateral 
boundaries of the histonc channel. This data would not be as useful in canyon reaches where the river channel 1s confined by 
bedrock 
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Time lapsed photography was applied to the Elwha and Dungeness River studies to help others better understand natural 
processes and to observe these processes at times when the investigators could not be there, especially during floods. Normally, 
river channel changes are only documented on an annual, or even less frequent, basis and it 1s difficult to determine the 
magnitude or number of floods that caused a particular change. By documenting changes over a daily time scale, a better 
understanding of natural processes in relation to changes in discharge was gained. The time-lapsed photography was found to be 
very popular with resource manager and the public and a very useful way to continuously observe natural processes. This 
technique will likely be applied to the Hoh River study. 


Sediment transport modeling was applied to the two dam removal studies to predict the amount and timing of sediment 
deposition in the downstream river channels. Calculations of sediment transport capacity have been or will be made for the other 
river studies to predict reaches where sediment deposition ts likely. Sediment transport modeling could also be applied to the 
other river studies, but the expense and effort have not yet been justified given that the important study conclusions can be made 
from simpler analysis of the available data) However, numerical models can be powerful and important predictive tools that can 
explain process linkages. Their successful application normally depends on the ability of the modeler to build or adapt an 
existing mode! that can properly account for the important channel processes, and their linkages, for a given river. The generic 
application of a model to a complex river can often produce misleading or incorrect results. 








Recommended Steps for Successful River Study: 





! Field reconnaissance to characterize the river channel properties (such as slope, width, and sediment size of the bed and 
banks) and determine the local resource management goals, problems, and questions. 


2. Review literature, data, photographs, and maps to understand historical changes of the river. 

3. Formulate research hypotheses that can explain river processes and ultimately answer the questions of resource managers. 

4. Design data collection and analysis programs that can be used to test the research hypotheses. 

5. As new information is learned from step 4, formulate and test new research hypotheses until the study goals can be 
accomplished. This step should invoive frequent discussions with resource managers to determine if the study findings 
will cause them to change or adapt their management goals and objectives. 

6 When justified, develop predictive models to explain important river channel processes. 

7. Write and present a study report than can be understood by resource managers and other interested parties. 


4) 
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EFFECTIVENESS OF CHANNEL IMPROVEMENT WORK 
ON THE MISSISSIPPI RIVER 


C. Fred Pinkard, Jr., Hydraulic Engineer, USACE, Vicksburg District, Vicksburg, MS; 
James V. Ross, Civil Engineer, USACE, Vicksburg District, Vicksburg, MS; Robert H. 
Fitzgerald, Civil Engineer, USACE, Vicksburg District, Vicksburg, MS 


Abstract: The Mississippi River has long been a major contribuior to the physical and 
economic development of our nation. However, at the time that the United States was first 
settled, the Mississippi River was a natural alluvial stream characterized by a wide, shallow 
channel, numerous shifting sandbars, and large fluctuations in stage. The river was active and 
freely meandered across its floodplain. In this natural state, the river could not provide a 
dependable channel to meet the nation’s commercial navigation needs nor could it provide for 
the efficient passing of flood flows. 


To meet both navigation and flood control needs, a dependable, low maintenance channe! had to 
be developed. Initially, dredging was conducted to provide adequate depths for navigation and 
levees were constructed to ease flooding problems. However, these measures alone proved 
ineffective. Then in 1927, a great flood devastated the entire Mississippi River Valley. As a 
result of this flood, Congress passed the Flood Control Act of 1928. This legislation authorized 
the U. S. Army Corps of Engineers to develop a system of flood control and navigation 
improvements for the Lower Mississippi River. To provide an efficient navigation channel, the 
banks of the river had to be held in place. The Corps of Engineers initiated a comprehensive 
bank stabilization program to meet this need. The use of revetment consisting of articulated 
concrete mattress (ACM) on the lower bank in conjunction with stone paving on the upper bank 
has proved to be most effective in controlling the erosion of the nver’s banks. However, 
revetment alone was not sufficient to provide a low maintenance channel. During low water 
periods, substantial dredging was required to maintain adequate channel depths. As a result of 
this continued dredging, a system of rock dikes was developed to provide adequate depths 
through trouble reaches. Now approximately 90 percent complete, the channel improvements 
have greatly reduced the expensive dredging requirements. Dredging within the Vicksburg 
District is now only required in isolated problem reaches. 


Even with the proven success of the channel improvement program, additional work is required. 
With continued construction of the remaining planned channel improvement structures and 
continued maintenance of existing structures, an efficient navigation channel will be provided on 
the Mississippi River for decades to come. 


BASIN CHARACTERISTICS 


The Mississippi River drainage basin is the third largest in the world, exceeded in size only by 
the Amazon River in South America and the Congo River in Africa. The Mississippi River 
drains 41 percent of the lower 48 states, including all or parts of 31 states, extending from New 
York in the east to Montana in the west. The Ohio, Missouri, Tennessee, Arkansas, and Red 
River basins are part of the Mississippi River basin. The Mississippi River flows some 2,350 
miles from its source at Lake Itasca in Minnesota to the Gulf of Mexico. The Lower Mississippi 
River Valley extends from just below Cape Girardeau, Missouri for approximately 600 miles to 
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the Gulf of Mexico. The lower valley ranges in width from 30 miles to 125 miles with an 
average width of 45 miles and includes parts of Missouri, Illinois, Kentucky, Tennessee, 
AH Mississippi, and Louisi 





Figure 1. Mississippi River Drainage Basin 


On the Mississippi River, flows, stages, and channel velocities vary over a wide range. During 
the 1928 through 1998 period, the average flow at Vicksburg, Mississippi was 601,000 cubic feet 
per second (cfs). The minimum recorded flow during this 71-year period was 93,800 cfs during 
August 1936 while the maximum recorded flow was approximately 2,060,000 during the 1937 
flood. During that period, flows ranged on average from a low of around 202,000 cfs to a high 
of about 1,344,000 cfs. River stages also vary greatly. During the 1928 through 1998 period, the 
average annual low stage at Vicksburg was 48.6 fect, National Geodetic Vertical Datum 
(NGVD), the average stage was 65.4 feet, NGVD, and the average annual high stage was 86.8 
feet, NGVD. Based on these averages, stages typically varied almost 40 feet from annual 
highwater to low water. The lowest stage ever recorded at Vicksburg was 39.2 feet, NGVD 
during February 1940 while the highest stage recorded was 102.2 feet, NGVD during the 1927 
flood. Channel velocities typically range from about 2 to 3 feet per second during low water to 
over 10 feet per second during highwater. 





The Mississippi River is a natural alluvial river that carries a large sediment load. Available data 
indicates that the annual suspended sediment load at Tarbert Landing, Mississip>i (River Mile 
306.3) has varied from about 100,000,000 tons to over 575,000,000 tons with an average annual 
suspended sediment load of approximately 240,000,000 tons. This sediment load equates to 213 
tons per square mile of contributing drainage area per year. Sieve analyses indicate that on 
average, this suspended sediment load consists of 22 percent sand and 78 percent fine material 
(silt and clay) Studies have indicated that over time, the measured suspended sediment load on 
the Mississippi River has significantly decreased primarily due to the construction of the channel 
improvernent features, closure of multipurpose reservoirs, and improved land use management 
procedures. However, since the measured suspended sediment load is predominantly silt and 
clay, which are not found in large quantities in the bed, the total measured suspended sediment 
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load could have decreased without any decrease in the ded material load. In fact, as pointed out 
by Biedenharn .. - -5), the river through most of the Vicksburg District has a much steeper slope 
and larger stream power (QS) today than it did prior to the 1930's. Therefore, since studies 
(Nordin and Queen, 1992) show that the bed material size (Ds) of the river has not changed 
significantly since the early 1930's, it is possibie that the bed material ioad is higher today than it 
was prior to that time. This conclusion would mean that more sediment of the size that deposits 
in the navigation channel and historically required removal by dredging 1s carried by the nver 


today. 
NAVIGATION DEVELOPMENT HISTORY 


The Mississippi River has long been recognized as a valuable transportation benefit. Native 
Americans traveled the river by canoe for centuries before the European explorers arrived. The 
Europeans used the river for settlement expansion and small-scale commercial navigation to 
transport goods such as furs and supplies. The introduction of the steamboat during the early 
19" century ignited an explosion of development along the river. However, the river was 
unpredictable and many steamboats fell victim to hazardous snags, shifting sandbars and high 
channel velocities. As early as 1820, the Federal Government recognized the importance of 
improving the Mississippi River for navigation. in that year, Congress appropriated funds for the 
preparation of a survey, maps, and charts of the Ohio and Mississippi Rivers. In 1824, the Corps 
of Engineers initiated channel improvement work by removing snags in the Mississippi River 
below the mouth of the Missouri River. For several years thereafter, channel improvement work 
was sporadic and limited to localized areas. All channel improvement work halted during the 
Civil War. As the country began to heal after the war, the need for more substantial Federal 
involvement in improvements of the nver for navigation and flood ccntrol was generally 
recognized. In 1879, Congress established the Mississippi River Commission (MRC) to 
coordinate engineering operations within the Mississippi River Vailey. The MRC was assigned 
the primary duties “...to take into consideration and mature a plan or plans and estimates as will 
correct and permanently locate, and deepen the channel and protect the banks of the Mississippi 
River; improve and give safety and case to the navigation thereof, prevent destructive floods; 
promote and facilitate commerce, trade, and the postal service...”. In 1894, dredging began on 
the river. The success of these dredging operations prompted Congress in 1896 to authorize a 9- 
foot deep by 250- foot wide navigation channel from Cairo, I}linois to the Gulf of Mexico, io be 
maintained by dredging alone. However, dredging alone was noi entirely effective in providing 
the required navigation channel and did not provide for the overall development needs of the 
valley. Then in 1927, the most disastrous flood in the history of the Lower Mississippi River 
Valley occurred. This flood inundated an area of about 26,000 square miles. During this flood, 
levees were breached, cities and towns were flooded, industry was paralyzed and crops were 
destroyed. Over 200 lives were lost and over 600,000 people were displaced. As a result of this 
flood, Congress passed the Flood Control Act of 1928, the nation’s first comprehensive flood 
control and navigation act. This act increased the authorized navigation channel width to 300 
feet and initiated a policy of river improvement and systematic construction of the channel 
improvement feature. The act also authorized the Mississippi River and Tributanes (MR&T) 
Project. Every year since the Flood Control Act of 1928 was passed, Congress has appropriated 
funds for the MR&T Project. One of the major components of the MRAT Project is channe! 
improvement and stabilization for providing and maintaining an efficient navigation alignment, 
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increasing the flood carrying capacity of the river, and for protection of the levee system. To 
provide for this component, an intense program of revetment and dike construction was initiated 
and is on-going today. The estimated total cost of the MR&T channel improvement program is 
$1,140,000,000. Through 1999, $718,412,000 (63%) has been expended. The channel 
improvement program is scheduled for completion in 2021 assuming adequate funding continues 
to be provided. 


Waterborne commerce on the Mississippi River has increased from 30 million tons in 1940 to 
over 500 million tons today. This tonnage includes such commodities as agricultural products 
and other chemicals, among others. Without this valuable transportation system, the railways 
and highways would be much more crowded. One standard barge that is 35 feet wide and 195 
feet long can carry 1,500 tons of cargo. One of these barges has the capacity of 15 railroad cars 
or 60 18-wheeler trucks. Therefore, it would require 5,000,000 railroad cars or 20,000,000 18- 
wheeler trucks to transport the tonnage that moves on the Mississippi River today. The 
Mississippi River also provides an important link in the mobilization of our nation’s defense 
forces. Therefore, the on-going development of the channel improvement program has resulted 
in the Mississippi River continuing to thrive as a crucial link for the country’s economic 
development. 
BANK STABILIAZTION 


As is common on natural alluvial rivers, the Mississippi River has historically experienced 
bankline migration. As evidenced by the numerous oxbow lakes and meander scars that exist 
today, the Mississippi River freely meandered across its floodplain. In this natural state, the river 
was wide and shallow with numerous shifting sandbars. To provide a dependable navigation 
channel, the banks of the river had to be held in place along the desired alignment. Therefore, an 
intense program of bank stabilization was initiated. In the past, several types of revetment have 
been used including willow, lumber, and asphalt mattresses. While these types of revetment 
proved somewhat successful, the most economical and effective means of protecting the banks 
continues to be a revetment composed of articulated concrete mattress (ACM) on the lower bank 
and stone paving on the upper bank. The current method of ACM placement is unique and is the 
result of years of research and development. 


The use of ACM is restricted to large rivers due to the size of the floating plant required to place 
the mat. Therefore, in the Vicksburg District, ACM has only been used on the Mississippi River 
and on the lower Red River below the mouth of the Black River. The mat placement process 
includes several phases. The first phase involves the clearing of the bank. Many of the banks on 
the lower Mississippi River ave covered with vegetation that must be removed. Caving banks are 
usually very steep. Therefore, to insure the stability of the revetment, the bank is graded to a 
flatter slope. The banks are graded by a large floating diesel-clectric powered dragline. The 
clearing and grading of the banks are conducted on a schedule so that work is completed just 
prior to the arnval of the mat-sinking unit. This minimizes the potential for erosion of the 
freshly graded bank, reducing the overall cost of the operation and producing a better product. 
Natural vegetation re-cstablishes itself quickly along the stabilized top bank following 
completion of the revetment construction. 
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The ACM consist of individual units of mat that are pre-cast and stored at straiegicaily iocated 
casting fields along the river. Each unit contains 20 separate concrete blocks that are held 
together by corrosion-resistant wire embedded in the concrete. Each block is 4 feet long, 14 
inches wide, and 2 inches thick, resalting in each unit being 25 feet long by 4 feet wide. The 
surface of the mat is roughened during the casting process by dragging a large wire brush type 
tool over the uncured concrete after it is placed into forms. Use of the roughened mat improves 
the aquatic habitat provided by the river by increasing the surface area for growth of macro- 
invertebrates which retain and recycle organic materiais that would otherwise be lost from the 
system as well as providing a food source for fish and birds with recreational, ecological, and 
economical value. Once the revetment season begins, the ACM units are loaded onto barges and 
transported to the construction site. Once on site, the units are loaded on a specially designed 
mat-sinking barge. The units are wired together into a mattress that is 140 feet wide and 
anchored to the bank with cables. As the mat is assembled, the sinking barge moves out into the 
river along the mooring barge. As the sinking barge moves, the ACM is launched off the barge 
and covers the river bottom. Placement of the mat continues to beyond the deepest part of the 
channel. The mat sinking plant is then moved upstream to lay the next section of matiress. This 
process continues with each succeeding matiress overlapping the previous mattress in a manner 
similar to shingles on a roof until the desired length of bank has been revetted. Once the ACM is 
in place, placing stone nprap on the graded upper bank corapletes the revetment process. 





Figure 2. Stacked ACM in Casting Field Figure 3. ACM Placement 


ACM is placed during the ‘ow water season. On the lower Mississippi River, the revetment 
season typically extends from early August until all scheduled revetment placement is complete, 
usually in November. The location and amount of revetrnent placed cach year is based on a 
prioritization of needed stabilization work and available funding. Through 1999, over 284 miles 
of revetment have been placed on the Mississippi River within the Vicksburg District with only 
10.5 miles of revetment remaining. Therefore, the revetment construction program is 
approximately 96.4 percent complete. 


CHANNEL CONTROL 


Dikes: The channel improvement feature that has had the greatest impact on dredging is the 
contraction of the channel with dikes. Dikes are constructed on the Mississippi River to contract 


XI. 29 A/"] 








Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


the width of the low water channel to provide and maintain adequate depth for navigation. 
Historically, dikes have been constructed of timber pile or stone or a combination of the two 
materials. Since stone is more permanent, this construction material is now used exclusively for 
dike construction. Dikes on the Mississippi River are constructed to a sufficient height to 
maintain an efficient low water channel but low enough so as not to hinder the passage of flood 
flows. Dikes within the Vicksburg District are typically constructed so as to provide a 3000-foot 
minimum width between the riverward end of the dike and the opposite bank of the river. The 
Vicksburg District has been constructing channel control dikes on the Mississippi River since the 
early 1960's. As of 1999, over 270 dikes totaling approximately 114 miles have been 
constructed. The dike construction program is approximately 76 percent complete with just over 
36 miles of dikes remaining. One of the environmental features currently used by the Corps of 
Engineers is the notched dike concept. By leaving a notch in selected dikes, the navigation 
channel can be maintained while at the same time providing diverse habitats for a variety of 
species including fish and the endangered least tern. The intended result is to insure that flow is 
maintained in secondary channels that would otherwise be greatly reduced or even eliminated 
during low water periods. The size and location of the notch in dikes is determined by the 
overall configuration of the river channel at each specific location. The Vicksburg District 
typically provides 100-foot wide notches with the bottom elevation of the notch varying by site. 
The District’s current plan is to notch all future dikes that are constructed across secondary 
channels. All existing dikes that extend across secondary channels that require raising in the 
future to maintain the navigation channel will also be notched at the time they are raised. The 
Vicksburg District first constructed notched dikes on the Mississippi River during the mid- 
1980’s. Since that time, some 47 notched dikes have been constructed within the District. 





Figure 4. Channel Control Dikes 


As previously mentioned, the Federal Government has been involved in dredging the Mississippi 
River since the 1890's. As the MRA&T bank stabilization and channel control programs 
progressed, less dredging has been required to provide and maintain an efficient navigation 
channel. Records indicate that required dredging within the Vicksburg District often exceeded 
10,000,000 cubic yards per year during the 1960's and the first half of the 1970's. However, 
during those years, only a minimal amount of dike construction had been completed. Figure 5 
presents a graphical comparison of the annual dredging conducted on the Mississippi River 
within the Vicksburg District versus the cumulative amount of completed dike construction. As 
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the figure shows, in 1970 over 19,200,000 cubic yards were dredged. By that time, a total of less 
than 35 miles of dikes had been constructed. As the dike construction continued, the amount of 
dredging required to maintain a safe and dependable low water navigation channel drastically 
decreased throughout the 1970's. In 1980, just over 5,000,000 cubic yards of dredging was 
required and almost 65 miles of dikes were complete. In 1988, only 3,200,000 cubic yards were 
dredged even though the basin was experiencing a severe low water with river stages falling 
lower than had occurred in several decades. At Vicksburg, the low stage recorded in 1988 was 
the lowest in almost a quarter century. During 1996, 1997, 1998, and 1999, less than 1,000,000 
cubic yards per year were dredged. So far in 2000, only about 1,100,000 cubic yards have been 
dredged. However, a severe drought that began in the late spring and early summer of 1999 
continued to impact the stages on the lower Mississippi River valley into the late winter of 1999 
and the spring of 2000. Stages during late 1999 and early 2000 approached the extreme low 
stages experienced in 1988. As a result, increased dredging has been required over that required 
in the most recent previous years. However, even with this extreme low water, dredging has 
been far less than required in 1988 with total combined 1999 and 2000 dredge volumes oniy 
slightly exceeding half of the dredging required in 1988. Much of this reduction can be 
attributed to the additional dike construction completed since 1988. In 1988, 75 miles of dikes 
had been constructed. By 1999, over 114 miles of dikes were complete. 
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Figure 5. Mississippi River Dredging Versus Dikes in Vicksburg District 


Bendway Weirs: A relatively new method of providing adequate navigation width in bends is 
bendway weirs. This concept as developed by the U.S. Army Corps of Engineers St. Louis 
District is used to reduce the depth on the outside of bends and thus naturally widen the channel 
on the point bar. Bendway weirs are totally submerged stone structures that extend from the 
outside of the bend and are angled upstream. The bendway weirs are constructed so that 
commercial tows can navigate over the structures without experiencing excessive turbulence. 
The position and alignment of the bendway weirs alter the river's secondary currents so that 
channel deepening along the outside of the bend is controlled. 
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Continued navigation problems at Victoria Bend (River Mile 595) prompted the Vicksburg 
District to construct bendway weirs at this location in 1995. A total of 6 weirs were constructed 
to an elevation of 20 feet below the Low Water Reference Plane (LWRP). The LWRP is defined 
as the stage associated with the flow that is equaled or exceeded 97 percent of the time. 
Subsequent surveys indicate that the navigation channel through the bendway has experienced 
some widening. Even with this additional channel width, navigating the bend remains difficult at 
certain flows. However, since construction of the bendway weirs, the towing industry, in 
general, believes that the navigation conditions are improved. 


CONCLUSIONS 


The Mississippi River indeed has been and remains a major contributor to the physical and 
economic development of the nation. It carries the runoff from rainfall and snow melt for about 
41 percent of the contiguous United States plus a small portion of Canada along with about 
240,000,000 tons of sediment annually to the Gulf of Mexico. The river also supplies water for 
over 18 million people and unnumbered industries and power plants. Currently, over 50,000,000 
tons of commerce are transported on its navigation channel annually. Since their inception in the 
1800's, the channel improvement works completed by the Corps of Engineers have contributed 
significantly to the efficient operation of this mighty river and its service to the nation. More 
recently, the systematic placement of channel training structures have significantly reduced the 
need for costly dredging to maintain a safe and dependable navigation channel. 
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UPSTREAM IMPACTS AFTER THE 1976 FAILURE OF TETON DAM 
By Jennifer Bountry and Timothy Randle, Hydraulic and Sedimentation Engineers, 
Bureau of Reclamation, Department of Interior, Denver, Colorado 


Abstract: The construction and subsequent failure of Teton Dam in 1976 changed the 
physical and biological characteristics of the Teton River canyon for 17 river miles (RM) 
upstream from the dam site. This paper discusses the results from a study that analyzed 
the existing geomorphology and river hydraulics upstream of the dam site, and the 
changes that have occurred as a result of the reservoir inundation and subsequent failure 
of Teton Dam (Randle, et al, 2000). Results from this study will assist in managing 
Reciamation withdrawn lands in and around the Teton River canyon upstream from the 
Teton Dam site. In addition, models developed from this study can be utilized as 
predictive tools for addressing various alternatives for modifying rapid and pool 
formations caused as a result of the dam failure. 





PROJECT BACKGROUND 


The construction of the Teton Basin Project, Lower Teton Division, was authorized by 
Public Law 88-583 on September 7, 1964. This project would have provided 
supplemental irrigation water for approximately 110,000 acres in the Fremont-Madison 
Irrigation District, for flood control operation, and for recreation and fish and wildlife 
mitigation measures (Schuster and Embree, 1980). The 17-mile-long reservoir was to 
have a total capacity of 288,000 acre-feet and a surface area of 2,100 acres. 


Filling of the reservoir began October 3, 1975, and continued until June 5, 1976, when 
Teton Dam failed (Jansen, 1980). The reservoir was at elevation 5301.7, about 272 feet 
deep at the dam, and 22.6 feet below the planned maximum pool elevation when piping 
caused the embankment to fail. Approximately 250,000 acre-feet of water and 4 million 
cubic yards of embankment material were sent down the river in about 6 hours (Lloyd 
and Watt, 1981). The destruction downstream from the dam was extensive, reaching to 
the upper end of American Falls Reservoir, 95 miles downstream. This paper rocuses on 
the impacts upstream of the dam caused by landslides induced from the filling of the 
reservoir and rapid draw down following the failure of the dam. 


DATA COLLECTION 


Data were collected in 1997, 1998, and 1999 along portions of the Teton River between 
the Teton Dam site and the Felt Dam Powerhouse, 19 river miles upstream (figure 1). 
The data collected consist of new aerial and ground photographs, measurements of 
riverbed topography, water surface elevations, water and air temperatures, preliminary 
particle size analysis of landslide material, and bed-material particle size distributions. 
Additional data collected on the riparian vegetation are presented in a separate report 
(Beddow, 1999). The channel topography data were used to create a hydraulic model and 
a set of bathymetric maps for the Teton River pools from the confluence with Bitch 
Creek to the confluence with Canyon Creek (12 river miles) and in the borrow ponds just 
upstream from the Teton Dam site. 
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Figure 1. Location map for Teton River study showing study reach extending 19 miles from Felt Dam 
Powerhouse Jownstream to the Teton Dam site. 


LANDSLIDE EFFECTS ON RAPID AND POOL FORMATION 


Landslide activity in the former reservoir area started with the filling of the reservoir. 
The June 5, 1976, dam failure activated more than 200 landslides along the reservoir rim, 
due to the filling and the rapid drawdown of the reservoir. Approximately 1,460 acres of 
canyon slopes were submerged by the reservoir, and 34 percent (500 acres) failed 
(Magleby, 1981). Approximately 3.6 million cubic feet of landslide debris moved 
downslope to the canyon floor, with some reaching and blocking the river. While a large 
amount of landslide debris reached the valley floor, much of the debris remained on the 
lower portion of the canyon slopes. 


Most of the landslides were shallow surface slumps, earth flows, debris flows, and 
rockfall. The thickness of the landslide debris ranged from less than 5 feet to about 25 
feet normal to the slope. Particle size evaluation of landslide material was completed 
during the 1998 field investigations along the Teton River, but should be considered 
preliminary, due to the small data sample. The size of the landslide material ranges from 
silt to boulders greater than 10 feet across. Most of the material in the landslides consists 
of rock fragments from 3 inches to 3 feet across. 


In the former reservoir area, the Teton River canyon is narrowest at the upstream end and 
tends to become progressively wider in the downstream direction. When landslides 
naturally occurred in the wider reaches of the Teton River canyon (prior to Teton Dam), 
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the river channel was able to move laterally around the debris fan or incise through the 
area of finest material, and, consequently, deep pools were not able to persist. In 
contrast, when landslides occurred in the narrow reaches of the canyon, the nver channel 
was completely blocked, the riverflows were forced to spill over the coarse debris, and 


persistent, deep pools were formed upstream. 


In the 5-mile reach downstream from the confluence with Canyon Creek to the dam site, 
the landslide debris associated with the filling and rapid drawdown of Teton Reservoir 
landed on high terraces and typically did mot reach the river channel. Therefore, 
landslides downstream from Canyon Creek did not significantly affect the river channel 
and its hydraulics. In the 12 miles upstream from the confluence with Canyon Creek, the 
Teton River canyon was narrow enough that the landslide debris fans typically reached 
the river channel. These debris fans formed new rapids in some locations and enlarged 
pre-existing riffles in other locations. Landslides that occurred centuries ago through 
natural geologic processes formed the pre-existing riffles. 


Currently, the nver channel contains several long, slow velocity pools that are backed up 
by short, steep niffles or rapids formed from landslide debris. Since the failure of Teton 
Dam in 1976, 27 rapids and pools have persisted in the reach upstream from Canyon 
Creek (figures 2 and 3). Landslide debris was also deposited in pools upstream from 
some of these rapids. 
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Figure 2. Existing (1999) and Predam (1972) Water Surface and Thalweg Profiles Corresponding to a 
Discharge of 1,000 cfs for the Teton River from River Mile 12 to River Mile 17 (upstream extent of 
former reservoir inundation). 
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Figure 3. Existing (1999) and Predam (1972) Water Surface and Thalweg Profiles Corresponding to a 
Discharge of 1,000 cfs for the Teton River from River Mile 5 (downstream most rapid formed from 
landslide induced rapid following failure of dam) to River Mile 12. 











Prior to the construction of Teton Dam, two rapids and several small riffles existed 
between the confluence with Bitch Creek and Spring Hollow. One of these rapids is now 
inundated by a new rapid formed from the dam failure (rapid 1). There were no major 
rapids present along the Teton River between the Teton Dam site and Spring Hollow 
(based on inspection of aerial photographs). However, 13 riffles and deep pools existed 
in the 4-mile reach downstream from Spring Hollow (RM 8 to RM 12). It is estimated 
that water depths in these pools ranged from 5 to 20 feet. The landslides that occurred in 
1976 enlarged many of the existing riffles into rapids and, subsequently, increased pool 
water surface elevations by 2 to 5 feet (an increase much less than the pool depths). 
These deep pools measured ‘» !°°7 Cownstream from Spring Hollow must have been 
present in 1972, because they could not have been created in 1976. 


No large landslides occurred in the half-mile reach downstream from RM 8.0, and the 
river channel was left relatively unaffected by the initial filling of the reservoir and 
subsequent failure of Teton Dam. The reason that no large landslides occurred in this 
reach is likely due to the general northeast-southwest orientation of the canyon in this 
location. Most of the river canyon is generally oriented in an east-west direction so that 
the south side of the canyon (left side looking downstream) is more shaded, retains more 
moisture, and develops thicker soil and forest growth than the north (nght) side. The 
north side of the canyon gets more sun and has less moisture; thus, the canyon-wall 
surface is typically composed of exposed bedrock. Subsequently, nearly all of the large 
landslides in 1976 occurred on the south side of the canyon. In the half-mile reach 
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downstream from RM 8.0, both sides of the canyon have significant sun exposure, and 
there was relatively little soil development and forest growth on either side of the canyon. 
Consequently, the landslides that did occur in this reach were shallow, and the river 
channel and hydraulics were left relatively unaffected. 


LARGEST IMPACTS ON TETON RIVER UPSTREAM OF THE DAM SITE 


In the Bitch Creek to Spring Hollow reach, the 1976 landslides had the greatest impact on 
a 2-mile stretch of river where 3 major rapids now exist, creating a 30.5-foot drop over 3 
pools (4, 5, and 6). Pool 4 is the longest of the pools, stretching over 4,000 feet. In the 
Spring Hollow to Canyon Creek reach, the 1976 landslides had the greatest impact on the 
Teton River channel in the 2-mile reach upstream from Canyon Creek. In 1972, there 
was no evidence of deep pools present. However, there are four new major rapids and 
pools (24, 25, 26, and 27) in this reach today, with pool depths ranging from 9 to 19 feet. 
The four landslide rapids in this reach have a total drop of 26 feet over a distance of 2.1 
miles. 


These rapids and pools must be viewed in sequence. For example, the downstream-most 
rapid (informally known as Parkinson’s Rapid) has one of the largest drops in water 
surface of 16 feet. The relatively short pool that was formed behind this rapid inundates 
much of the next rapid upstream (informally known as Little Parkinson’s Rapid). If the 
downstream-most rapid were removed, the next rapid upstream would have an even 
larger drop than the drop through the existing Parkinson’s Rapid. 


WATER TRAVEL TIME AND TEMPERATURES 


The travel time of water flowing through the Teton River canyon from the confluence 
with Bitch Creek to the confluence with Canyon Creek has increased as a result of the 
landslide debris fans forming rapids and long, slow-velocity pools in the river channel. 
At a typical July flow of 1,000 cubic feet per second, the travel time of water has 
increased from predam conditions by about 6 hours (from 8 to 14 hours). Part of this 
increase is due to the formation of pools 4, 5, and 6, which have a much higher water 
surface and deeper depths than predam conditions. The remainder of the increase is due 
to the four new large rapids between RM 5.3 and RM 7.4. Travel time of water has not 
changed in the reach between Canyon Creek and the borrow ponds (RM 1.5 to 5.0). 
Water travel times may have significantly increased through the two large borrow ponds 
near the dam (RM 0.4 to 1.5), but the magnitude is not precisely known. The two borrow 
ponds combined are just over | mile in length, contain a total water volume of 1.6 million 
cubic yards (1,000 acre-feet), and potentially increase water travel times by up to 12.5 
hours. However, flow patterns through the borrow ponds are complex, due to the 
presence of a side channel which can bypass flow around the lower borrow pond and the 
potential for horizontal eddy currents, density currents, and vertical recirculating zones 
within each borrow pond. The slow moving, or nearly stagnant, water near the borrow 
pond surface would undoubtedly be warm during the summer months. However, the 
warm surface water may not necessarily mix with the inflowing river water (which may 
form a density current) and may not result in a substantial increase in water travel time. 
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Increased temperature is postulated to result from the increased travel time, and shallow, 
lower velocity, larger surface area pools resulting from the many small landslides 
induced by inundation and dam failure that are partially blocking flow. The construction 
and subsequent failure of Teton Dam has likely increased summer river water 
temperatures by 1 to 2 degrees Fahrenheit (°F). Temperatures have increased because 
flows today move slower through the river pools enlarged by 1976 landslides and through 
the borrow ponds excavated for the construction of Teton Dam. The loss of riparian 
trees, especially in the reach downstream of Canyon Creek, also would have contributed 
to increased river temperatures. Suitable temperatures for trout probably still exist in the 
deeper portions of the borrow ponds and river pools upstream from Canyon Creek. Most 
of the temperature gain occurs along the reach of river between pool 24 (7-% miles 
upstream of Teton Dam) downstream to Canyon Creek and in the borrow ponds. 


During the water temperature monitoring period, all of the data loggers recorded at least 
one or more temperatures above 60 °F. Although the |- to 2-°F increase in water 
temperature appears small, the increase could be significant if the natural water 
temperatures needed by Teton River fish species were already near their threshold. It 
seems likely that fish can find cooler water temperatures at deeper depths known to exist, 
but not monitored in this study, as needed during the warmer period of the diurnal cycle. 
This would suggest that the “lifestyle” of native fish may be affected by forcing them to 
seck deeper depths during mid- to late afternoon. 


BED-MATERIAL COMPOSITION AND SEDIMENT TRANSPORT CAPACITY 


In the former reservoir area, the enlargement and development of the 27 pools from the 
dam failure has affected the river's capacity to transport sediment. The increase in water 
travel time found in some of the pools has increased the sediment trap efficiency in those 
pools. This means that finer-grained sediment particles (i.c., sand, silt, and clay) may 
settle out along the pool bottom and become part of the channel bed material. The 
change in bed-material particle size, caused by the 1976 landslides, cannot be precisely 
determined because there is no predam data available. However, bed-material 
observations and sampies collected in the pools upstream from Canyor Creek were 
compared with the general characteristics of the channel upstream from pool | and 
downstream from Canyon Creek, which is a gravel-bed river. 


Upstream from the former reservoir inundation area, the river channel is extremely steep 
and narrow. The sediment transport capacity in this reach is presumably high, as a result 
of the river gradient, narrow widths, and high velocities. Between Bitch Creek and pool 
1 (the first pool backed up by a landslide-formed rapid), the river has shallow, uniform 
depths, and the channel bed primarily consists of 3-inch to 6-foot-diameter boulders. 


On the basis of sediments observed along the channel bed, measured pool depths and 
channel widths, and computed water travel times, pools 1-3 appear to be near the 
maximum storage capacity for sand, and pool 4 has been the major sediment trap along 
the nver. Eventually, pool 4 will fill in to a maximum storage capacity, and fine-grained 


XI - 38 AIL 








Proceedings of the Seventh Federal Interagency Sedimentanon Conference. March 25 to 29. 2001, Reno, Nevada 


sediments will be further transported downstream. Because of its long travel time (over | 
hour), pool 5 will be the next major sediment trap in the river system. The process to 
nearly fill poo! 4 has taken over 2U years and can be expected to take near this amount to 
fill in pool 5. 


The sediment particles along the channel bottom of the pools in the Spring Hollow to 
Canyon Creek reach are definitely finer than the bed material downstream from Canyon 
Creek. Silts and clay-sized sediments have deposited along the channel bed in the longer 
and slower pools. The largest pools (25 and 26) were formed as a result of landslides in 
1976 and occurred in a reach (RM 5.5 to RM 6.9) where deep pools were not present in 
1972. Therefore, it is likely that the bed material of these pools is much finer today 
(dominated by sand, silt, and clay) than it was in 1972 (likely dominated by gravel, 
cobble, and boulder). 


PREDICTED EVOLUTION OF RAPIDS 


Landslide activity has been an ongoing natural geomorphic process in the Teton River 
canyon ever since the placement of the Huckleberry Ridge tuff and uplift of the Rexburg 
Bench. These landslides have been naturally creating rapids and pools in the narrowest 
reaches of the Teton River canyon for thousands of years. For example, a debris flow 
that occurred during the last decade enhanced a major rapid and pool in the narrow reach 
between Badger Creek and Bitch Creek. This reach of the river is upstream from the area 
inundated by Teton Reservoir. However, fluvial processes have also been at work for 
thousands of years. This is why all the major rapids formed by prehistoric landslides 
have been reduced to small rapids and riffles. 


Landslides in the Teton River Canyon are an integral part of the canyon evolution. The 
construction and failure of the Teton Dam have rapidly accelerated those processes in the 
portion of the river canyon below the high elevation of the former reservoir. The 1976 
landslides also significantly reduced the volume of source material available (below the 
former reservoir level) for future landslides. Therefore, the probability and quantity of 
future landslides (initiated below the elevation inundated by the former reservoir) have 
been significantly reduced over the next several centuries to thousands of years. 


The 1976 landslides removed material from the lower canyon slopes which could tend to 
make the upper canyon slopes less stable. However, there is no evidence (through 
September 1999) that large landslides have occurred in the upper canyon slopes in the 
last two decades since the failure of Teton Dam. Although the upper canyon slopes have 
been relatively stable during the last two decades, the probability of future localized 
landslides on the upper canyon slopes (initiated at elevations above the former reservoir 
level} may have increased because of material removed from the lower canyon slopes. 


The debris fans and rapids formed by the 1976 landslides will eventually be eroded by 
riverflows, but this process could take centuries. Since 1976, the finer-grained material 
in the debris fans has been reworked by riverflows, but the coarsest material was left 
behind, and the rapids and pools are still present. The snowmelt runoff of 1997 produced 
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the largest flood peak since 1976 and was approximately equal to the 100-year flood. 
Even this large magnitude flood was only capable of minor reworking of the debris 
forming each rapid. Therefore, the existing rapids are most likely too large to be eroded 
by a single flood, and the river will take centuries of abrasion and weathering to erode the 
rapids. This\, of course, reflects the rates of natural processes which have been occurring 
for many thousands of years. 
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SPATIAL VARIATION OF INCISION AND DEPOSITION WITHIN A RAPIDLY 
INCISED UPLAND WATERSHED, CENTRAL NEVADA 


Dru Germanoski, Professor and Head, Geology and Environmental Geosciences, 
Lafayette College, Easton, PA; Carolyn H. Ryder, Geology and Environmental 
Geosciences, Lafayette College, Easton, PA; Jerry R. Miller, Whitmire Professor of 
Environmental Science, Department of Geosciences and Natural Resource 
Management, Western Carolina University, Cullowhee, N.C. 


INTRODUCTION 

The Great Basin of central Nevada is characterized by north-northeast trending ranges 
that are separated by intermountain basins. The mountain ranges contain numerous 
small, watersheds, many of which possess wet meadow (or wetland) ecosystems along 
their riparian corridors. These ecosysterns are characterized by shallow water tables that 
support water-loving plant assemblages (Castelli and Chambers, 2000) and that provide 
important habitat for a number of endemic, migratory, and endangered species. Many of 
the wetland areas have been affected by episodes of axial channel instability during the 
late Holocene. We have been studying a number of these watersheds in the Toiyabe, 
Toquima, and Monitor Ranges to develop an understanding of drainage basin response to 
small scale climate change and land use (Chambers et al, 1998; Miller et al, in press). 


The most recent episodes of instability have been dominated by channel incision. In 
addition to the physical destabilization of the stream channel itself, channel incision often 
results in the degradation of riparian ecosystems. Channel downcutting can, for example, 
de-water wet meadows by lowering the groundwater base level. In many cases, the net 
result is a shift from wet to mesic or dry meadow plant assemblages. Extensive field 
reconnaissance in central Nevada has demonstrated that wet meadows are typically 
located immediately upstream of mid- to late Holocene age side-valley alluvial fans that 
prograde into the mainstem valleys. The fans are characterized by coarse bed material 
that armors the channel floor against erosion. However, once this armor is breached, 
incision progresses upvalley into the adjacent meadow through knickpoint migration. 


The basins that we examined have a common history of hillslope erosion and valley- 
sedimentation associated with the onset of the post neoglacial drought approximately 
2500 years BP, followed by one or more episodes of channel incision (Chambers et al, 
1998; Miller et al, in press). The most recent period of downcutting began as much as 
290 years ago and many systems are still actively incising or are in the incipient stages of 
incision (Miller et al, in press). During episodes of channel incision, erosion is not 
uniformly spaced throughout any single drainage system and downcutting in one place 
produces sedimentation in other locations. Whereas the stratigraphic record is sufficient 
to allow the erosional and depositional history to be deciphered with respect to major 
events, the exact spatial distribution of incision and deposition is not clear. Moreover, 
episodes of channel incision are fairly prolonged in most systems, occurring over penods 
of years, decades, and perhaps centuries. Consequently, it is very difficult to reconstruct 
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the sequence of events and the spatial distribution of incision and deposition in any single 
basin. Furthermore, because the period of incision is prolonged, it is not clear whether 
groundwater flow contributes significantly to channel erosion. 


In May, 1998, Marshall Canyon in the Toiyabe Range just south of Austin, Nevada was 
incised catastrophically over a period of days in response to spring rainfall and the 
melting of a large winter snowpack. The pattern of erosion and deposition was not 
spatially consistent down the length of the channel. Rather, crosion, sediment transport, 
experienced an episode of erosion following a wildfire in 1981 that was followed by 
above average precipitation in 1982 and 1983. Although we did not study the effects of 
that episode of erosion in detail, we did reconnoiter the basin in 1992 while studying the 
impacts of the wildfire on an adjacent watershed (Germanoski and Miller, 1995). 
Reconnaissance of the Marshall Creek shortly after it was incised in June, 1998 suggested 


that groundwater discharge and groundwater sapping were integral to the erosion process. 


STUDY AREA 
Marshall Canyon is a 4.9 square kilometer drainage basin positioned on the western slope 
of the Toiyabe Range approximately 2 kilometers south of Austin, Nevada (Figure 1). 
The Toiyabe Range is located in central Nevada and extends north-northeast for 
approximately 193 kilometers (Figure 1). Marshall Creek drains west into the Reese 
River valley. Four perennial springs have been mapped at the head of Marshall Canyon 
and serve as the Austin municipa! water supply. 


The drainage basin is underlain by quartz monzonite and granodiorite of the middle 
Jurassic age Austin pluton (Stewart and McKee, 1977). Soils are poorly developed and 
hillslopes are mantled by grus that has accumulated from weathering of the underlying 
crystalline rocks. The coarse-grained grus may also represent lag deposit formed as finer 
grains were removed by erosion in the past, particularily during the post Neoglacial 
drought (Miller et al, in press). Vegetation in Marshall Canyon consists of nettles, wild 
roses, willows, sagebrush, and grasses. Sagebrush and grasses grow on the valley floor 
and on valley sides and willows and roses are restricted to the nparian corridor. Aspen 
groves grow near springs at the head of the drainage. 


The climate in Austin, Nevada, i: semi-arid to arid. The average summer and winter 
temperatures are 21° C and -i° C, respectively. Average annual precipitation is 38.8 
centimeters. Precipitation occurs primarily between November and May. June through 
October are dry with occasional thunderstorms (Stewart and McKee, 1977). Austin does 
not receive much precipitation in the form of rain. Most of the precipitation falls as snow 
that may persist until late spring and produce significant runoff. Streams in 1973, 
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Figure 1. Location map showing distribution of 
erosional (E), transport (T), and depositional (D) 
reaches along Marshal Creek. 





1975, 1978, 1983, and 1984 experienced relatively high 
discharge, 1983 had the highest discharge for the period 
of record (Miller et al, in press).Marshall Canyon is 
roughly rectangular in shape. The basin pinches out at 
the point of lowest relief, which is at the mouth of the 
canyon to the west. The drainage basin is approximately 3.5 kilometers long with a 
maximum relief of approximately 840 meters, and can therefore be described as being 
relatively steep and rugged. 

















METHODOLOGY 
The drainage basin was reconnoitered in 1992 and areas of erosion and deposition that 
occurred in response to the 1981 wildfire were noted. After the 1998 erosional event, 
zones of erosion, sediment transport, and ceposition were mapped on an acrial 
photograph. The distinction between sediment deposited in 1982-83 and 1998 was based 
on the degree of weathering and cementation as viewed in hand dug pits and exposures 
produced by channel incision. The 19:3 deposits were partially cemented and more 
cohesive than those created in 1998. The thickness of both deposits was also determined 
using the bunal depths of vegetation. A longitudinal profile was surveyed along the 
channel using a Leica total station. Measurements were taken at 20-meter intervals for 
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1440 meters downvaliey. Additional points were surveyed to identify features of interest 
such as terraces, knickpoints, or the locations of cross-valley profiles. A series of 18 
cross-valley profiles were measured along the valley floor using a tape measure, stadia 
rod, and Abney level. Cross profiles were positioned at 100-meter intervals. Additional 
cross-valley profiles were measured in areas of significant incision or deposition. 


PATTERNS OF EROSION AND DEPOSITION 

The 1982-83 event created at least two major zones of erosion that are separated by a 
zone of deposition. However, it is unclear whether more complex patterns of erosion and 
deposition were produced during the 1980s because we were not specifically studying 
Marshal! Canyon when we examined the basin in 1992, and some of the alluvial deposits 
may have been reworked by the 1998 event. Observations made in June 1998, 
immediately following valley incision, indicate that there were two distinct erosional 
zones, three distinct transport zones, and thre: depositional zones. The two segments of 
channel that were entrenched in 1982-83 served as transport zones during the 1998 event. 
The major depositional zone received sediment during both episodes of instability. 
Following the initial pulse of deposition, the depositional zones were re-incised to 
varying degrees. Thus, there was a shift in process dominance through time. 


The zones of erosion, transport, and deposition associated with ihe 1998 event are 
mapped on the aerial photograph shown in Figure |. Each zone is numbered 
consecutively from upstream to downstream. § Erosion zone | begins below the 
confluence of springs located at the head of the drainage and extends for approximately 
160 meters downstream. It suffered the greatest amount of erosion in 1998, reaching 
maximum depths of approximately 6 meters. The main gully was flat-floored and 
approximately 7-10 meters wide with vertical channel walls. It terminated upstream in 
three amphitheater-shaped, vertical headcuts that were separated by narrow “islands” of 
valley fill. There were no surface channels feeding two of the three headcuts, but the 
middle headcut may have received some runoff from a nearby road. The incision that 
occurred along this reach damaged the water supply lines to the town of Austin. As a 
result, a pipe was installed at the base of the headcut almost immediately after incision 
occurred to re-supply Austin with water from the springs. in addition, the channel floor 
was armored with mp-rap to limit further erosion and damage to the new piping. The 
trench was subsequently filled, and the valley floor reseeded, in late July, 1999. 


Below the deeply incised reach, sediment vas routed through a V-shaped transport zone 
(transport zone |) that was produced by incision in 1982-83. The transport zone was 
approximately 3 meters deep, 9 meters wide at the valley floor and tapered to less than a 
meter wide at the thalweg. It extended downstream for approximately 100 meters. 
Valley gradient in the transport zone was 0.12 (Figure 2). In 1998, localized deposition 
and subsequent incision produced isolated inset terraces within the resch. Vegetation 
preserved on the banks of the channel indicated that this segment was not significantly 
modified either by erosion or deposition during the 1998 event. Sediment evacuated 
from erosion zone |, and routed through transport zone 2, was deposited downstream in 
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depositional zone | (Figure 1). The deposited sediment formed a discrete lobe-shaped 
feature that began as an inset channel fill that then spilled out over the valley floor. The 
inset fill was comprised of sediment as much as 0.5 meters thick (and was later incised to 
form an inset terrace). The overbank lobe of debris was 60 meters long, exhibited a 
maximum width of 11 meters, and ranged in thickness from a maximum of 0.4 meters to 
a minimum of 0 meters at the margins. The average thickness was approximately 0.15 
meters. The valley gradient decreased from 0.12 in transport zone | to 0.080 to 0.055 in 
the depositional zone | (Figure 2). 


The vast majority of the sediment produced by incision in erosion zone | was passed 
through depositional zone | to a second V-shaped transport zone (transport zone 2) that 
was also carved by erosion in 1982-83 (Figure 1). Transport zone 2 was nearly 300 
meters long, as much as 4.5 meters deep, and tapered in width from as much as 10 meters 
at the valley floor to approximately 2 meters ai the thalweg. The channel gradient 
increased from depositional zone | through transport zone 2 (Figure 2). Similar to 
transport zone 1, the integrity of rose bushes and other vegetation lining the trench walls 
indicate that this channel segment was not significantly altered by erosion or deposition 
during the 1998 event. 


Transport zone 2 discharged sediment into a very large depositional zone where most of 
the sediment produced by upstream erosion was deposited. The morphology of the 
depositional lobe is very similar to that of depositional zone 1. The deposit begins as an 
inset channel fill within the lower reaches of transport zone 2 and then spread out as a 
discrete lobe across the valley floor. The inset fill (now preserved as several inset 
terraces) is located in the lower 75 meters of transport zone 2. The inset terraces are less 
than 0.5 meters thick, but are continuous along the reach. The depositional lobe on the 
valiey floor is almost 400 meters long and has a maximum width of 75 meters. 
Sedimentary deposits completely filled the pre-existing channel to a depth of as much as 
1.5 meters and then spread out across the valley floor to a maximum thickness of 0.4 
meters. The deposit split into two lobes at its downstream end. The valley floor gradient 
decreases from 0.105 at the downstream end of transport zone 2 to as low as 0.045 
(Figure 2). The valley floor reaches its maximum width of 80 meters along this 
depositional reach. Both the lobe of debris and the channel were re-incised to depths 
ranging from 0.5 to 1.5 meters following the initial phase of deposition. The 1998 
deposits are locally cut into a sequence of stair step terraces with scarp heights on the 
order of centimeters to tens of centimeters. Observations made in June 1998 indicate that 
this incision occurred almost immediately after sedimentation ceased. Indeed, we suspect 
that this incision may have occurred during the waning stages of the maximum discharge 
event in Mc» 1998. The geomorphology of depositional zone 2 was complicated in June 
1998 when a bulldozer was used to divert water from a gully that formed on the north 
side of the valley into the main channel on the south side of the valley. Examination of 
the stratigraphy exposed in the gullies, along with observations made in 1992, indicate 
that depositional zone 2 is also composed of sediment produced by incision of transport 
zones | and 2 during 1982-83. The grain size distributions for sediment samples 
collected in erosion zone | (the main source of 1998 sediment), depositional zone 2 
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(1982-83 and 1998 samples), and depositional zone 3 (1998 sample) are remarkably 
similar. The median grain diameter for each sample is approximately | mm and the size 
distribution curves are parallel to nearly superimposed. 


The valley floor in depositional zone 2 is wide, gently sloping, and covered by wild rose 
thickets and willows along the channel. In many respects it is morphologically similar to 
wet, mesic, and dry meadows complexes that we have studied in other mountain 
drainages in central Nevada (Miller et al, in press). The natural channel is not deeply 
incised where it traverses the meadow (average incision ranges from less than 0.5 to 1.5 
meters). However, depositional zone 2 transitions very abruptly downstream into an 
incised segment via vertical headcuts produced by two channels. These channels are now 
migrating headwardly into the meadow of the depositional zone. We refer to the reach 
below the headcuts as erosion zone 3 (Figure 1). Incision along this segment appears to 
have begun well before the 1998 event and is currently ongoing, albeit slowly. The 
surface channels feeding the headcuts possess very little flow and morphologically 
consist of very narrow, vertical slots. The larger of the two headcuts is 1.9 meters high 
and has a maximum width of 25 centimeters at the valley floor. Downstream the 
entrenched channel widens to 4 meters at the top of the channe! bank. 


Erosion zone 3 grades smoothly into deposition zone 3. Deposition zone 3 consists of a 
sediment lobe approximately 71 meters long with a maximum width of 21 meters. The 
deposit ranges from a maximum of 0.2 meters to 0 at the margins. This sediment may 
have been derived from as far away as erosion zone | as suggested by the near 
coincidence of grain size distribution curves. 


DISCUSSION 
Eyewitness accounts of the 1998 event describe it as a “mud flow” or a “slurry”. These 
descriptions along with other observations suggest that the initial erosion and headcut 
migration in erosion zone | resulted from groundwater saturation of the valley fill. The 
site is located below the conf‘uence of two mapped springs, one of which served as the 
water supply for the town of Austin. The water supply manager who has been involved 
in honzontal drilling near the springs stated that, “ the groundwater hangs up on a clay 
seam and bedrock and pours out of the sand.” There was absolutely no evidence that any 
of the three headcuts were fed by significant surface water runoff. In fact, the valley floor 
upstream of two of the headcuts is devoid of channelized flow and a smal! channe! less 
than 10 centimeters deep and less than a meter wide heads above the third headcut. We 
speculate that prolonged snowmelt in the spring of 1998 was able to recharge the shallow 
groundwater aquifer and saturate the alluvial fill to the point of failure. These 
observations strongly suggest that groundwater seepage and sapping played a critical role 
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Figure 2. The relationship between erosion, deposition, and channel gradient. Segments 
labeled EZ are erosion zones, segments labeled TZ are transport zones, and segments 
labeled DZ are depositional zones. Transport zones | and 2 were entrenched in 1982- 
83 and depositional zone 2 was a depositional zone in 1982-83 and 1998. 





in initiating erosion of the valley fill in erosion zone | in 1998. Groundwater erosion also 
appears to have played a prominent role in the incision of the meadow at the lower end of 
depositional zone 2 where significant seepage is visible at the base of the headcut. The 
morphology of the headcut and surface channel (which is 1.9 meters high and 0.25 meters 
wide), combined with the observation that flow increases dramatically at the base of the 
headcut, suggest that this channel was cut largely by groundwater. Currently, the headcut 


is migrating upstream through groundwater sapping. 


Although sapping and valley fill saturation may have been very important in generating 
erosion, the fact that sediment deposited in depositional zones 1, 2, and 3 are 
characterized by planar laminations indicate that, once the sediment was mobilized, it was 
transported and deposited by fluvial processes rather than by debris flow or 
hyperconcentrated flow. Furthermore, the re-incision of the inset terrace and sediment 
lobes in the transport and depositional zones indicates that the event evolved from a 
sediment laden transport and depositional event to a more sediment starved flow. 
Because we did not witness the erosional event we hesitate to say the event was indeed a 
debris flow or hyperconcentrated flow. Nonetheless, we are confident of the assertion 
that groundwater played a prominent role in the early phase of the event and that it 
continues to be important in the evolution of the headcut located in erosion zone 2. 
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Maximum erosion in the 1998 event occurred mm areas where the valley gradient was 
steepest (Figure 2). This is true for both erosion zones | and 2. Likewise, transport 
zones 1 and 2, which were eroded in 1982-83, were incised in relatively steep portions of 
the valley floor (Figure 2). This is not surprising. Incision would be expected to occur 
where channel gradients, and shear stress are high. Nonetheless, the result is significant 
because there is a rational explanation for the nonuniform pattern of geomorphic 
processes. Deposition occurred where channel gradients decreased and valley floor 
widths increased (Figure 2). The inset terraces in the downstream ends of transport zones 
1 and 2, where valley gradients are still fairly high, suggest that sediment backfilled into 
these transport zones after sediment was deposited in depositional zones | and 2 (Figure 
2). However, erosion was not exclusively controlled by valley morphology. Although 
valley gradients were steep in transport zones 1 and 2, significant incision did not occur, 
apparently because these reaches had already been entrenched and the deep V-shaped 
channels were efficient at routing sediment downstream. Thus, the distribution of 
incision and deposition was controlled by channel gradient, valley width, channel history, 
and the availability and nature of groundwater reservoirs. 


These observations are helpful in the evaluation of the patterns of erosion and deposition 
in other mountain drainages throughout central Nevada. Perhaps of greater importance, 
the influence of groundwater on incision has provided insights that are otherwise, easily 
overlooked. The implications are that: (1) once incision is initiated in a wet meadow, 
and the groundwater reservoir is tapped, groundwater seepage and sapping may play an 
increased role in the erosion process, and (2) in addition to basic controls such as valley 
gradient, the erosional history of the drainage network may well dictate where erosion, 


transport, or deposition occurs. 
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Abstract Documenting erosion rates, patterns, and processes is crucial for understanding how 
mountainous regions evolve, for assessing the erosional impacts of land use, and for predicting 
how sediment loading will affect stream ecosystems. At 32 watersheds on the Idaho batholith, 
we measured catchment-scale sediment yields over 10,000-year timescales using in-situ 
cosmogenic "Be in alluvial quartz grains, and compared these with conventional measurements 
of sediment yields over much shorter timescales (10-84 yr, mean=24). Here we show that at 
every site, long-term rates of sediment yield (55-327 T km” yr', mean=145) are many times 
higher than rates measured over years or decades (2.5-30.0 T km” yr’, mean=10.5). The 
discrepancy between short-term and long-term sediment yields averages 17-fold, and is 
consistent across catchments ranging over five orders of magnitude in size, from small 
experimental watersheds (0.2 km’) to large river basins (35,000 km’). Neither methodological 
differences nor climatic changes can explain the mismatch; instead, these measurements indicate 
that long-term average sediment yields are dominated by episodic erosion events that are too rare 
to be reliably observed in typical sediment yield studies. Our data show that conventional 
sediment yield measurements, even when made over decades, can greatly underestimate long- 
term average rates of sediment delivery, and thus greatly overestimate the lifespan of engineered 
reservoirs. Our observations also indicate that sediment delivery is extremely episodic, 
sporadically subjecting mc nia). stream ecosystems to extensive disturbance. 
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GRAVEL ENTRAINMENT AND SCOUR IN STEEP HEADWATER CHANNELS 


Alan F. Barta, Research Geomorphologist, Rocky Mountain Research Station, U.S.D.A. Forest Service’, 
316 East Myrtle Street, Boise, ID 82702-7678 (Phone: 208-373-4393, Fax: 208-373-4391, Email: 


abarta@fs.fed.us). 


Abstract: Steep headwater channels differ markedly from lower gradient channels in their morphology and the 
processes that control sediment transport. These differences are important considerations for land and water 
management decisions as the response of these channels to changes in water or sediment supplies can also be 
very different than for lower gradient channels. Gravel deposits in steep streams provide important habitat for 
spawning fish and benthic invertebrates. This paper summarizes observations of gravel entrainment and scour in 
steep streams in California and suggests techniques for predicting the stream discharge required for gravel 
entrainment in similar systems. These techniques are of two general types, those based upon flow hydraulics and 
those based upon a consistent correlation between entrainment and flows of a specific magnitude or frequency. 


INTRODUCTION 


Predicting the discharges that transport bed material in steep streams is useful for a host of practical applications 
and presents a significant challenge to those who seck to understand sediment mechanics and stream 
morphology. The practical utility of accurately estimating entrainment and transport would include specifying 
flows for river maintenance, assessing the impacts of land use changes or reduced sediment supply from 
upstream dams, and reserving water rights to maintain aquatic habitat. The challenge lies in the greater 
complexity of the flow and sediment transport mechanics of steep streams (Furbish, 1993). Accurately estimating 
the flows that entrain gravels in steep boulder-bed channels is useful even though these gravels usually only 
compose a small proportion of the streambed because they provide .mportant habitat for benthic organisms and 
spawning fish (Kondolf et a/., 1991). Typically, these gravels are found in isolated pockets protected by local 
flow obstructions. Flow around and over obstructions is complex and depends strongly on the geometry of 
individual boulders and the local channel morphology. Thus, prediction of entrainment from conventional 
hydraulics and bedload transport theory is impractical! (Barta et al, 1994). 


Sediment transport has been correlated with a range of flow variables, often with the goal of finding an effective 
regional predictor. For example, the discharge producing the largest cumulative transport in alluvial streams has 
been correlated to floods that occur about every 1.5 years and to the discharge that fills the river channel 
(Wolman and Leopold, 1957; Wolman and Miller, 1960; Woodyer, 1968; Pickup, 1976). Also, it has been 
suggested that the flow initiating transport in gravel-bed rivers is a constant proportion of the discharge that fills 
the channel (Parker, 1979; Andrews, 1984). 


In alluvial channels, a consistent correlation between flow frequency and som: measure of sediment transport 
depends implicitly on the assumption that the river channel adjusts its size and shape to the imposed range of 
discharge and sediment supply (Mackin, 1948; Leopold and Maddock, 1953). Only if this adjustment is 
consistent across a range of channel types and environments might one expect that a particular flow frequency 
would be related to some measure of transport. This assumption of self-adjusted channels does not usually hold 
for steep mountain streams because they are not always free to adjust their size and shape (¢.g. due to the 
presence of bedrock or large boulders deposited in the streams by glacial or hillslope processes). The possibility 
remains, however, that the gravel available for transport in steep streams may adjust its disposition within the 
existing channel in such a way that a consistent correlation exists between flow frequency and gravel transport. 
The goal of this paper is to investigate whether such a correlation exists 





1 The U.S. Department of Agriculture (USDA) prohibits discrimination wm all its programs and activities on the basis of race, 
color, national origin, sex, religion, age, disability, politecal beliefs, sexual onentation, or marital or famuly status. (Not all 
prohibited bases apply to all programs.) Persons with disabilities who require alternative means for communication of 
program information (Braille, large print, audiotape, etc.) should contact USDA's TARGET Center at (202) 720-2600 = we 
and TDD). To file « complaint of discrimination, write USDA, Director, Office of Civil Rights, Room, 326-W. «+ ten 
Building, 1400 Independence Avenue, SW, Washington, D.C. 20250-9410 oF call (202) 720-9964 (voice and TDD). USvA ts 
aa equal opportunity provider and employer 
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Although the conditions and frequency of transport in steep channels may differ from those in alluvial channels 
with a milder slope, the motivation for identifying a consistent transporting flow frequency is the sau. The 
primary objective is to estimate sediment yield, either for practical modern purposes or for understanding 
landscape evolution on a geological time scaie. The practical app!ications range from engineering hydroelectric 
facilities to the ecological resicration of critical habitat. 


MECHANICS OF GRAVEL ENTRAINMENT IN STEEP STREAMS 


pipet oer aged appetrene smitty bps gpape ne emilee gegen gape 
et al., in press). Simple ernpirica! relationships using flow depth, A, obstruction height, H, channel width, w, and 
channel slope, S, have been developed from tracer particle studies to predict pocket gravel entrainment (Barta ef 
al, in press). In this paper I use one of these empincal relationships to estimate entrainment producing 
discharges. 


This entrainment prediction relationship was developed from three years of flow and entrainment observations on 
five streams in the eastern Sierra Nevada, California (Table 1). Detailed descriptions, reach maps, and 
photographs of each stream can be found elsewhere (Barta ef al., in press) so only a brief description is provided 
here. The sites include a range of bed gradients and chanzel widths representative of steep boulder-bed channels. 
The bed slopes range from 2 to nearly 12% and channel widths range from 3 to 7 m. All sites are near gaging 
stations with at least 15 years of record. Median grain sizes for the pocket gravels are between 13 and 56 mm. 
Three of the study sites are unregulated, two study sites are downstream of run-of-river hydroelectric reservoirs. 
High flow events occur as a result of snowmelt or winter storms. 


Table 1. Obstruction Heights and Gravel Entraining Discharges 








H Wem Quo 

Median Gravel Gravel Oy 

s Obstruction Entraining  Entraining Bankfull 

Bed Slope = Height Flow Depth Discharge Discharge 

Site Name (m/m) (m) (m) _(mn'/s) (m’/s) 

Blackwood Cree. 0.020 0.40 035 0.95 40 
General Creek 0.035 0.50 0.40 2.50 28 
Bishop Creek above Power Plant 3 0.050 0.54 0.38 1.90 $5 
Bishop Creek above Power Plant ? 0.087 0.78 0.51 2.10 5.0 
Horton Creek 0.116 1.09 0.33 0.75 1.0 





An empirical relationship that reliably defines a pocket gravel entrainment threshold is used here because it was 
not practical to be at cach stream at the exact moment that gravel was entrained. Rather, a range of discharges 
higher and lower than the grave! entraining discharge were observed. A fuller explanation of the development of 
this empirical entrainment relationship can be Sound in Barta and others (in press) and is expressed as: 


A ieS 
ms n08-(2) (1) 
“Ww 


where h*, is the critical obstruction submergence (h/H) for gravel entrainment, H is the median obstruction 
height, w is the bankfuli channel width, and S is the bed slope. Because obstruction overtopping is the dominant 
mechanism in pocket gravel entrainment, I expect that as A*. approaches unity (0.8 in Equation |) then 
mobilization of the pocket gravels occurs by flow cascading over the obstruction. The second term accounts for 
the influence of obstruction size relative to channel width, the greater transverse flow in the bank region 


(implicitly with w in Hl w). and the greater influence of larger and more frequent steps with increasing channel 
gradient (S) 
Estimating the entraining discharge ((.., in Table |) using Equation | requires the median height of the 


obstructions, bed slcpe, and a flow depth-discharge rating curve. The median height of flow obstructions is 
determined by measuring the height of all obstructions adjacent to gravel pockets in the reach. A depth-discharge 
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rating curve may be casily developed from the stage-discharge rating curve and geometry of one or more stream 
cross sections (Barta and Wilcock, in preparation). 


FLOW FREQUENCY ANALYSIS 


The objective of the flow frequency analysis was simply to relate the discharge that is associated with grave! 
entrainment to historical flow frequencies and measures of the channel morphology. For historical flow 
frequencies, the recurrence interval from peak flow analysis, the exceedence probability from a flow duration 
curve of daily mean flows, and a multiple of the average annual mean daily flow were identified. To relate to 
channel morphology, gravel entraining flows were evaluated as a proportion of bankfull discharge. 


The chjective of the fiuw Yequency analysis was simply to relate the discharge that is associated with gravel 
entrainment t historica' ‘iow frequencies and measures of the channel morphology. For historical flow 
frequencies, the recurrence interval from peak flow analysis, the exceedence probability from a flow duration 
curve of daily mean flows, and a multiple of the average annual mean daily flow were identified. To relate to 
channel morphology, gravel entra:ning flows were evaluated as a proportion of bankfull discharge. 


All streams had at least one stream gage but the gages varied in their proximity to the flow and entrainment 
observation reaches s0 adiwstmmerts to the gage records were necessary for some sites. At Blackwood Creek the 
gage was within the study reach so no corrections were necessary. In all cases except Bishop Creek, these 
adjustments were relatively simple. Peak and mean daily flows at General and Horton Creeks were adjusted 


according to the following equation: 
A on 
2,=0,4/, ) Q) 


where Q, is the discharge at the ungaged site, Q, is the discharge at the gaged site, A, is the drainage area for the 
ungaged site, A, is the drainage area for the gaged site, and the exponent 0.8 was recommended for peak flow 
adjustments in eastern Sierra streams by Blakemore and others (1995). Only the higher discharge portion of the 
flow duration curve is capable of mobilizing gravel so I used the same correction for mean daily flow. Thus, 
although errors in discharge adjustment may be greater at low flows, these flows are unlikely to move gravel and 
their ordering is unchanged, so it will not substantially bias the results. 


The two study sites on Bishop Creek required the greatest aajustment of gage records because of the storage 
reservoirs and ungaged inflow between gages. A consultant to the reservoir operators recently completed a 
comprehensive analysis to estim2te discharge throughout the Bishop Creek drainage for both regulated and 
natural conditions (Simons ef ai, 1990) and I used their flow frequency estimates. Separate analyses were done 
for mean daily flows and annual peak flows. The mean daily flow analysis was based on the principle of 
continuity where the total of all ungaged flow was computed as the differences between all recorded inflows and 
outflows under current regulated conditions. Timing was ignored because, given the small size and steepness of 
the basin, sufficiently accurate estimates of daily flows were expected without considering timing. Ungaged flow 
was distributed based upon drainage area and an assumed annual unit runoff identical to similar and adjacent 
gaged areas. 


The natural flow sequence of mean daily flows that would occur in the absence of reservoirs and diversions was 
computed by eliminating the effects of reservoirs and diversion from the computed regulated flow history. These 
effects were eliminated using a simple storage equation 


1-0=4Y,, (3) 


where / is the inflow rate, O is the outflow rate (including an evaporation correction), and dS/dt is the change in 
storage with respect to time. Because this is done for the entire storage system beginning at the headwaters, the 
inflow (/) is equivalent to the natura! (unregulated) mean daily flows. Annual peak flow frequency curves for 
regulated conditions were developed from three gages in the Pishop Creek drainage with a fifteen year period of 
record and interpolated for intermediate sites. No adjustments were made for regional skew because the recorded 
flows are strongly influenced by flow regulation 
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Peak flow analysis was done following the guidelines established in the Water Resources Council Bulletin 17B 
(1981) where sufficient historical flow records were available. This is the most widely used approach to 
developing flood frequency curves in North America and is incorporated in software developed by the U.S. 
Geological Survey (PEAKFQ) and used for this analysis. This procedure requires at least 10 years of annual 
instantaneous peak flow data. 


Peak flow analysis can be done with cither a series of annual-maximum floods or with a partial-duration senes 
that includes all independent peak floods over a threshold discharge. Analysis using annual-maximum peaks 
provides estimates of the probability of an annual-maximum flood exceeding a computed value and it’s inverse, 
occurrence between floods of a given size without regard to their relationship to the year. The differences in 
return intervals between annual-maximum and partial-duration series are negligible for periods of 10 year and 
longer; the utility of the partial duration series thus is for more frequent events, whose actual return intervals may 
be overestimated with the annual maximum series. For computational ease, a relationship exists between annual- 
maximum return intervals and partial-duration return intervals as defined below in Equation 4 (Stedinger et al, 
1993). 
l 
1, =- (4) 


° ~~ In(1=1/7,) 


where 7, is the average return interval for the partial-duration series and 7, is the average return interval for the 
annual-maximum series. | computed the annual-maximum return interval using the U.S. Geological Survey's 
PEAKFQ software (Kirby, 1981) and then found the partial-duration return intervals using Equation 4. 


For Blackwood and General Creek at least 10 years of peak flow data was available and used for the analysis. 
The records for the stream gage on Horton Creek only include mean daily flows and not instantaneous peaks. For 
Bishop Creek, I had computed peak flows fer both natural and regulated conditions for three locations in the 
Bishop Creek drainage but not directly for the study reaches. 


An alternative method of estimating the annual flood frequency when gaged instantaneous peak discharges are 
not available is to use a regional regression equation. | have used the regional regression equations developed by 
Blackmore and others (1995) for the Eastern Sierra to estimate the discharge of the 2, 5, 10, 25, 50, and 100 year 
floods for all sites. Flood frequency curves are shown in Figure |. 


Flow Duration Curves and Mean Annual Flow 


Mean annual flow was computed using the arithmetic average of gaged mean daily flow. The period of record 
ranged from 13 to 33 years for the study streams. For the Bishop Creek sites there .s a mean annual flow for 
regulated conditions (actual) and for unaltered natural flows. The values for natural f)ows are based upon an 
adjustment of the regulated flows using Equation 3 as discussed earlier (Simons ef al, 1990). Flow duration 
curves based upon the mean daily flows are plotted for all sites on Figure 2. 


Bankfull discharge (Q,,) is widely used as a parameter to descnbe both flow magnitude and channel morphology. 
This widespread use is the reason | attempt to relate gravel entrainment to Q,, here. Conceptually, Q,, is the flow 
that just fills the channel to the tops of the banks (Williams, 1978). Despite this conceptual simplicity, precisely 
defining or determining the 9,, for a channel cross section or st: «am reach has proven to be difficult, especially 
for headwater channels with poorly defined banks. For this reason, at least ten more specific definitions and 
methods for determining Q,, can be found in the geomorphic litcrature (see Williams, 1978, for a concise review 
and evaluation). The estimate of Q,, follows rece. unendations made by Williams (1978) to first identify the 
elevation of the floodplain profile and then read the discharge from a section with a known stage-discharge 
relationship. These estimate of Q,, are listed in Table | 
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Figure 1. Peak-flow frequency curves for study 
streams. Flood frequency curves were developed 
following the recommendations of the Water 
Resources Council (1981) where sufficient data 
were available Regional! regression cstimates of 
flood frequency were computed using the methods 
of Blakemore and others (1995). Entrainment 
threshold (Q,...) shown for referetice 
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Figure 2. Flow duration curves of mean daily 
discharge for study reaches. Solid curves are for 
natural flow conditions (i.¢. no flow regulation) 
For the Bishop Creck sites, a dashed line shows the 
flow duration curve for regulated conditions 
Entrainment threshold ((Q,...) shown for reference 
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RESULTS AND DISCUSSION 


A primary objective of this study was to determine the frequency of gravel entrainment in steep streams. This 
information is summarized in Figure 3. The results suggest that the entrainment of gravels in steep strcams 
occurs at a frequency similar to that in lower gradient aliuvial channels (Andrews, 1984). Annual maximum 
recurrence intervals range from | to 4 years (depending upon stream and whether historical data or regional 
regression is used). Corresponding partial duration intervals range from 0.14 to 3.5 years. 


Gravels were in streams unaffected by regulation were mobilized at flows that were exceed from 15 (Q,;) to 26 
% (Ox) of the time. For the regulated sites (both on Bishop Creek), gravels were mobilized at Q,; to Os, of the 
natural flow and Q, to Q, of the current regulated flow regime. Gravel was mobilized at one site (Blackwood 
Creek) at flows less than the mean annual discharge ((,..) but more typically the gravel entraining flows were 3 
to 10 times OQ... Gravel entraining flows ranged from 24 to 89 % of bankfull flow. Other criteria for bankfull 
would have yielded different results. 


Sediment transport in steep streams tends to be more episodic than in lower gradient streams (Costa 1974; Grant 
et al, 1990). Explanations tor this transport behavior include the coarseness of the available sediment and the 
relative flashiness of the streamflow hydrology in small basins with little storage. The term “effective” or 
“dominant” discharge is commonly used to designate that flow that moves the most sediment over the long term 
(Wolman and Miller, 960). Whereas, many researchers (Emmett, 1975; Pickup and Warner, 1976) have 
reporte! that the effective discharge in lowland streams occurs with an average return interval of 1.5 years, 
Pitlick (1988) found the recurrence interval for the effective discharge approaches 75 years for channels with 
gradients exceeding ? percent. Thus, higher magnitude less-frequent events appear to play a larger role in 
shaping the morphology and bed composition of headwater areas perhaps adjusting the channel elements to 
maximize flow resistance (Abrahams ef a/, 1995). Although the effective discharge that moves the bed and 
shapes the channel! may occur less frequently in steep headwater channels, pocket gravel entrainment appears to 
be adjusted to flows of a similar frequency to bankfull flows in alluvial channels. 


While direct measurement of gravel entrainment (¢.g. tracer particles, scour chains) is the most accurate method 
for estimating the discharge necessary for pocket gravel entrainment, it is expensive and may require several 
water years of observations. If appropriate empirical relationships that relate flow depth and obstruction 
geometry to gravel entrainment exist for a given type of stream, then a reliable estimate of stream discharge 
necessary tc entrain pocket gravels may de determined. Because these empirical entrainment relationships are 
postulated based on the physical understanding of the dorm:nant hydraulic mechunisms driving catrainment 
(pnmanly, obstruction overtopping), these relationships should be useful acrovs climatic and geomorphic regions 
as long as the channel morphologies are similar. 


Estimates of steep stream gravel entrainment discharges from flow frequency or proportion of benkfull flow are 
likely to be less accurate than cither direct observation of gravel entra:mment or a sediment mechanics driven 
empincal relationship. This does not mean that an estimate based upon flow frequency or oankful! flow does not 
have great utility. A flow that is exceeded about 20% of the time or recurs about every 1.5 years (using an annual 
senes) appears to be a good predictor for the streams examined here but requires additional testing in different 
environmencs. 
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Figure 3. Gravel entraimng flows versus stream gradient with flow plotted as (a) a proportion of bankfull flow, 
(b) @ memultigle of mean annual discharge, (c) the percentage of tame that (),.. 1s equaled or exceeded, (4) the parual 
duration recurrence interval, and (¢) the annual maxsmum recurrence interval A rcgression line has been fit and 
is shown im each plot Only gauge data and unregulated flows were consdered im fitting the linc 
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Abstract 

The purpose of this paper is to describe a tool that can be used by regulators and gravel miners to assess the impacts 
of proposed sand/gravei mining on streambed stability. In order for the results of this tool to attain public, 
environmental, and regulatory acceptability, these and other special interest groups should be encouraged to 

partic «pate in data acquisition and analyses. 


The proposed tool defined here as a Dynamic Sediment Modeling and Analysis Process (DSMAP) will provide 
methodology for determining quantities of stream sand/gravel thai can be mined without disrupting streambed 
stability. It will allow for sediment production predictions, as well as the potential for adverse impacts from 
sediment mining, based on current and proposed land use and conservation (or management) practices. End 
products will include sediment budgets and streambed profiles (1000 feet) of selected streams, showing either 


aggradation (streambed deposition) or degradation (channel erosion of incision). 


The end product should allow the county, other interested parties, and representatives of the sand/gravel mining 
industry to agree to rates of sand/gravel mining at specific locations that will minimuze the risk of adverse impacts to 
the environment such as degradation at bridge footings, etc. The models AnnAGNPS (Darden et Herring 1998) and 
CONCEPTS (Langendoen 2000) will be linked and their outputs linked to Sediment Budget spreadsheets. 








KEYWORDS 
Modeling, sediment routing, sediment budgets, AnnAGNPS, CONCEPTS, AGN”’S9 | sanc - gravel mining 


INTRODUCTION 


The purpose of this paper is to describe a tool that will allcw regulators and gravel miners to 
access the impacts of proposed sand/gravel mining on streambed stability. In order for the 
results of this tool to attain public, environmental, and regulatory acceptability, these and other 
special interest groups should be encouraged to participate in data acquisition necessary to use 
the tool, Dynamic Sediment Modeling and Analysis Process (DSMAP), described in this paper. 


Description of the San Luis Rey River Watershed 


The San Luis Rey River Basin lies east of the City of Oceanside in the northwestern part of Sen 
Diego County, California. The total drainage area of the watershed is 560 square miles. The 
basin is about 50 miles long and 16 miles wide, and is divided into two hydrologic units by 
Henshaw Dam. The area above the dam is 206 square miles and the drainage area below the 
dam, 354 square miles. (COE, 1977). 


The San Luis Rey River is urusual for Southern California because it is mostly unchannelized 
However, cumulative impacts to the floodplain and watershed of the San Luis Rey River appear 
to be degrading its environmental value. The San Diego County Water Authority has 
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documented an increased rate of bed erosion in the central reaches of the river attributable to 
numerous sand-mining operations (Chang 1991, Micheli 1991). 


Sand and gravel mining 

The San Luis Rey River provides the San Diego region with a major source of sand and gravel or 
aggregate. The river contains particularly valuable deposits of high quality sand. Sand mined 
from the San Luis Rey is used by the construction industry for a variety of concrete and asphalt 
applications. Multiple sand mining operations have been active on the river since the 1960s. 
During the housing construction boom of the 1980s, the rate of sand removal accelerated. While 
sand may be produced from other aggregate sources, the bed of the San Luis Rey provides a 
source that requires little processing. 





Three sand and gravel companies (Marron Brothers, Fenton, and Conrock) are currently mining 
within the river material suitable for Portland cement concrete (PCC) aggregate. The Conrock 
Company also mines material from an alluvial fan deposit along the San Luis Rey River 
northeast of the town of Pala (CDCDMG, 1982). 


Significance of fire events 

Fire-flood events are calculated into watershed sediment budgets. As much as 253,000 pounds 
per acre of debris have been measured on burned plots in the Sierra Nevada foothills (Rowe 
1941). DeBaio, L.F. 1979 gives a comprehensive discussion of the effects of fires on soil 


properties and subsequent erosion. 


The areal extent of fires in the San Luis Rey watershed have been mapped by decades, 
commencing with a 1910 coverage (CDF, 2000). Figure 1 displays the mapped coverage from 
1970 through 1999 (CDF, 2000). 





Large and intense fires can lead to accelerated erosion and resultant massive sediment 
production. In many cases, resulting sediment deposits are also likely to be high in fine 
sediments (clay, silt, fine sand) and require stream reworking for hundreds of years to make them 
economically viable for sand/gravel mining. One potential source of sand/gravel that can be 
released (sediment yield) to streams during fire-flood events is deposits of dry ravel. These 
infrequent releases (sediment yields) can be significant sources of sand and gravel delivered to 
upland streams. Dry ravel itself takes decades to accumulate on upland landscapes and, in 
addition, the frequency of fire-flood events has to be considered in accounting for this source of 
sand/gravel. 
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GM 1970-1979 
GB 1980 - 1989 
[_]} 1990 - 1999 





Figure 1 San Luis Rey Watershed 
1970 through 1999 Fires 





The effects of geology, landuse, and land management on sediment 

The paramount geologic consideration is the geologic time scale itself. The time it took to create 
the present minable deposits appears to be overlooked. Although the present stream system 
appears to be replenishing mined deposits, the sources of this replenishment is primarily from 
upstream channel/flood plain alluvium (Qal) and Holocene stream terrace deposits (Qt). While 
some replenishment continues to occur from the uplands, the time to replenish the present sand 
deposits would require an equivalent time scale (10,000+ years) and similar climatic conditions. 





Although the upland Mesozoic (66 to 225 million age) granitic rocks (Gr), Lindavista Formation 
(Qin), San Diego Formation (Tsd), Pomerado Conglomerate (Tp), and Stadium conglomerate 
(Tst) rocks are potential sources of sand/gravel deposits, they are not a significant source of river 
and terrace minable sand/gravel deposits in the short term (<100 years). 


Changes in land use and poor stewardship can lead to accelerated erosion, which can lead to 
massive sediment production. Resulting sediment deposits are typically com prised of large 
amounts of fine sediments making them cost ineffective as sources of sand/g: avel. 


DESCRIPTION OF THE DYNAMIC SEDIMENT MODELING AND ANALYSIS 
PROCESS 


The Dynamic Sediment Modeling and Analysis Process (DSMAP) provides a methodology for 
estimating quantities of stream sand/gravel that can be mined without disrupting streambed 
stability. It will calculate sediment production predictions, as well as assess streambed erosion, 
for current and proposed land use. End products will include sediment budgets and streambed 
profiles (1000 feet) of selected streams, showing either aggradation (strear bed deposition) or 
degradation (channel erosion or incision). The use of spreadsheets to calculate deposition or 
erosion by stream reach is illustrated in the McCormick/Saeltzer Dam Sediment Transport 
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Report (NRCS1997). This report can be viewed on the home page: 
http://www.mother.com/~vfinney ; 


These end products will provide the county, other interested parties, and representatives of the 
sand/gravel mining industry with an unbiased basis for determining sand/gravel mining at 
specific locations with minimal risk to the environment. 


The flow chart below (Figure 2) displays the linkages required to build the DSMAP. The models 
AnnAGNPS (Darden et al, 1998) and CONCEPTS (Langendoen, 2000) are linked and their 
outputs linked to Sediment Budget spreadsheets. Detailed descriptions of TOPAGNPS, 
AnnAGNPS and CONCEPTS, models included in the AGNPS98 suite of models are available at 
the WEBPAGE: http://www.sedlab.olemiss.edu/AGNPS98/Concepts98.htm! 








vS6S DYNAMIC SEDIMENT MODELING Flowchart 



































DEM's Son Luis Rey Wotershed 
| September 1999 
_ OTHER SEDIMENT 
| | CLIMATE © SOURCES t 
Stochastic t Ory Reve! [ 
ropagnts | “| Stream Bork 
| Ect # 
%, Ann a “A 
a end RI! 
| a. rr | 
eae “ALTERNATIVE Ann AGNPS RUNS | 











MODEL VERIFICATION } 
* CONCEPT OUTPUTS AGAINST t 


Sediment Discharge Measurements 
MVOROLOGY 


by oe AGNPS OUTPUTS AGAINST: 
Sediment Discharge Measurements 


| 


| SEDIMENT BUDECTS | 


| 


Developed By vers Fonmey _Taoouct vst 


wowed on —_™ County, Grevel Miners 
Poguer end RCO s 














Figure 2 Flow chart of steps 





51] 





Proceedings of the Seventh Federal Iraeragency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


H 

Basic hydraulic parameters will need to be measured in the field as input to the AnnAGNPS 
(Darden et al, 1998) and CONCEPTS (Langendoen, 2000) models. These parameters include 
channel cross-sections, stream gradient, wetted perimeters, hydraulic radii, etc. AnnAGNPS will 
be downloaded into the dynamic stream morphology model CONCEPTS. Pre-and post-dam 
scenarios will be run to determine the impact of upstream dams on in-stream sand/gravel 
replenishment. 


Sediment budgets will be sufficiently robust to assess the effects of variable water discharges and 
changes in land use and land use practices. Sediment budgets will be linked to models 
facilitating evaluation of scenarios. The validity of sediment budgets thus hinges on model 
validation. 


Assumptions of sediment budgets (sources and sinks) 





A pnmary assumption in developing a sediment budget is that all sources, sinks (entrainment), 
and remobilization can be accounted for. Even more frustrating is estimating the time release of 
sediment from sediment sources. The interaction of models and spreadsheets will allow for an 
unbiased accounting of some sources and remobilization. However, there is no way to predict 
the influx of sediment generated by dry raveling and released into the watersheds streams by 
fire-flood events. Nor is there any way to predict the occurrence of fire-flood events and the 
produ ..on of sediment from other sources than dry raveling. Thus, these occurrences can only 
be accounted for in maximum possible sediment loading to the streams and displayed in 
maximum possible sediment yield budgets. 


DATA REQUIREMENTS for AnnAGNPS 


Land Use Coverage 

The AnnAGNPS model (Darden et al, 1998) uses land use to calculate sheet and rill erosion and 
to determine the runoff curve number used to calculate overland water flow. Land use coverage 
from GIS allows for easy updating, allowing dynamic calculations of sheet and rill erosion. 
Sheet and rill erosion is a significant source of fine sediment in the stream systems. Land use 
coverage will be digitized from aerial photos. The local Farm Service Agency (FSA) office has 
delineated crop fields on aerial photos. The polygon size of the AnnAGNPS model cells will be 
determined based on the accuracy needed to display land use and soil polygons. 





Soils Coverage 

Soil coverage provides the AnnAGNPS model (Darden et al, 1998) with the input variables soil 
texture and the sheet and rill soil erodibility “K” factor. The soil coverage should also be useful 
in the identification of sediment sinks. The status of the soil survey for San Diego County is “in 
need of updating”. This survey will be digitized as a soil coverage, the minimum polygon size 
being approximately 500 by 500 feet. This coverage can be replaced with an updated soil 
survey. 








DEM 
Thirty meter resolution, 1:24,000 scale digital elevation data from 7.5-minute quads covering the 
watershed area will be downloaded from the USGS WEB SITE 
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(http://edcwww.cr.usgs.gov/doc/edchome/ndcdb/ndcdb.html). The model TOPAGNPS (Darden et 
al 1998) uses this data to determine watershed topography and the flow paths of water. The 
watershed area is covered by twenty-two USGS 1:24,000 7.5-minute quadrangles. 


OTHER SEDIMENT SOURCE DATA 


AnnAGNPS (Darden et al, 1998) only modes sheet and rill erosion and some channel erosion. 
However, the model does allow input of other sediment sources and provides sediment routing 
through the watershed to the watershed outlet. All field locations will be geo-referenced with a 
Geographic Positioning System (GPS) and the inventory points displayed on an existing 
coverage. To aid in quantifying other erosion sources such as dry ravel, stream bank erosion, 
flood plain scour, landslides, etc., the fire-flood linear regression debris equations of Scott and 
Williams (1978) and the COE (1992) will be run to estimate other sediment source inputs to the 
model AnnAGNPS. 


DATA for CONCEPTS 


In addition to the data needed for AnnAGNPS (Darden et al, 1998), the model CONCEPTS 
(Langendoen, 2000) needs grain-size analyses of streambed and streambank samples and in situ 
stream bank measurements of shear stress. Existing cross-sections will be updated and used 
where possible. In general, the entire flood plain from immediately below Lake Henshaw to the 
Pacific Ocean will be surveyed (valley and channel cross-sections) at an interval of 
approximately 1000 feet. Also, cross-sections will be surveyed 100 feet above and 100 feet 
below all road crossings. In total, including existing cross-sections, there will be approximately 
250 cross sections. 


NEW DATA 


e Streambed and streambank samples for grain-size analyses 

American Society For Testing And Materials (ASTM) Standards: C 136 Test Method for 
Sieve Analysis of Fine and Coarse Aggregates and C 117 - 95 Standard Test Method for 
Materials Finer than 75-im (No 200) Sieve in Mineral Aggregates by Washing will be used 
for grain size analyses of stream bed and stream bank samples. 

Stream bank measurements for shear stress 

Use of GPS (Global Positioning System) 

GPS will be used for locating all field data collection points. 

GPS will be related to other digital maps (i.e. soils, land use). 

Use of GIS (Geographic Information System) 

GIS will be useful in data synthesis. The principal usage of GIS in this process is preparing 
input data for the model TopAGNPS. DEM data downloaded from the USGS web site in 
STDS format is to be converted to a USGS DEM format file. Using ARCINFO, an Arc 
lattice (grid) is created and the quads merged into a single grid using the GRIS function 
MOSAIC. UTM coordinates are determined for the four corners of a rectangle and a 
rectangle containing the watershed area cut from the merged grid. The DEM grid is then 
converted to an ASCII file using the ARCINFO command Arc> GRIDASCII <in_grid> 


Se N— ce © 
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<out_ascii_ file>. A DNMCNT.INP file is prepared from this ASCII file, reformatted to 
AGNPS DEDNM.INP format and input to DEDNM.EXE 

e Creation of 2D- and perhaps 3D-maps of the San Luis Rey River and Watershed to illustrate 
model results 


MODEL VERIFICATION 
Water and Sediment Discharge Measurements 


The calculated water and sediment discharges from the models AnnAGNPS-CONCEPTS will be 
compared to water and sediment discharge measurements. Inquiries will be made of the county, 
US Corp of Engineers (COE), and the United States Geological Survey to locate and secure 
existing water and sediment discharge measurements. If insufficient data exists to characterize 
water and sediment discharges from the watershed, a contract should be let to characterize the 
watershed’s water discharge to sediment discharge relationships. 


Sediment Deposition 


Gravel Mining Volumetric Measurements 

Gravel mining maps can be used to determine volumes and rates of deposition that can be 
compared to in-stream deposition calculations from CONCEPTS. Gravel mining maps will be 
collected. These maps should contain pre-mining elevations and projected elevations of mining. 
The gravel mining plans should also contain grain-size analyses of pre-mined materials. Surveys 
will be made to determine post-mining elevations. This data will allow calculation of post- 
mining sediment in-filling that can be compared to CONCEPTS sediment deposition 
calculations. 





Cs-137 Volumetric Measurements 

The presence of Cs-137 in sediment indicates deposition since the initiation of bomb tests, circa 
1954 (McHenry et al 1973, 1975; Ritchie and McHenry, 1978; Finney, 1983). A number of 
discharge events since circa 1917 have resulted in significant deposition in the lower reaches of 
San Luis Rey. A sampling grid should be laid out to determine the location of core samp!es. 
The core samples in conjunction with the Cs-137 analyses will allow volumetric calculations of 
deposition prior to 1954, 1954 to 1964, and 1964 to present. Valley cross-sections will be 
surveyed to determine the grid, and digitized on one existing coverage. In addition, cores will Se 
logged, and representative samples for grain-size analysis taken and analyzed. These historical 
deposition rates and volumes will be compared to depositional volumes calculated by 
CONCEPTS. 
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HEADCUT ANALYSIS DUE TO SAN GORGONIO RIVER LEFT OVERBANK SAND 
AND GRAVEL MINING 


H. M. Hv, Ph.D., WEST Consultants, Inc., CA; Craig Phillips, R.C.E., Robertson’s Ready 
Mix, CA; and Brian Deeing, P.E., WEST Consultants, Inc., CA 


Abstract: Floodplain mining activities are common practices in arid areas. However, channel 
and overbank responses to overbank excavation may endanger property and structures in the 
vicinity of the mining operation. Adequate hydraulic, erosion, and sedimentation analysis are 
usually required for developing an acceptable mining plan. This paper describes a qualitative 
evaluation of a case study related to the headcut formation associated with a proposed sand and 
gravel mining pit on the left overbank of the San Gorgonio River south of the I-10 freeway in the 
Banning area, Riverside County, California. 


INTRODUCTION 


A sand and gravel mining pit is proposed on the left overbank of the San Gorgonio Rive: uth 
of the I-10 freeway in the Banning area, Riverside County, California. Figure | shows the 
project site map. The study reach extends from 205 feet upstream of the I-10 freeway bridge to 
the downstream confluence with Smith Creek. The approximate horizontal dimensions of the pit 
are 2,400 feet long by 850 feet wide, while the maximum depth is 230 feet. A new levee is 
proposed to protect the mining operation from the 100-year flood and also contain the 500-year 
superflood. However, in the event of high flows and levee failure, at the upstream boundary of 
the mining pit, the increase of the energy slope, flow velocity, and sediment transport capacity 
will initiate bank sloughing upstream of the pit. If a headcut associated with levee failure 
propagates upstream, it may endanger the railroad bridge (about 1,900 feet along the channel 
upstream of the pit) and the Interstate 10 freeway bridge (a’s0ut 2,200 feet upstream of the pit). 
A detailed headcut analysis is therefore necessary to address the magnitude of the heaccutting 
and the potential impact on the bridges upstream. This paper provides a qualitative evaluation 
procedure for estimating the maximum headcut distance and depth. 


PHYSICAL PROCESSES OF HEADCUT 


The extent of the headcut induced by sand and gravel mining is a function of volume and depth 
of the gravel pit, location of the pit, bed material size, flood discharge, and sediment inflow rates 
and volume. For a floodplain mining pit, low flows are generally not of concern. Flood flows 
will not be of concern until they spill overbank into the pit laterally or from upstream. While 
overbank flows are filling a floodplain gravel pit, the headcutting and erosion continue to 
propagate upstream. However, once the floodplain pit is filled, it will constitute only a pool or 
slackwater area on the floodplain and the headcutting generally ceases. 


METHODS OF HEADCUT ANALYSIS 


In this study, for the purpose of a qualitative evaluation, no detailed sediment transport modeling 
is conducted. The analysis is based on other relevant and applicable study results and 
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Figure |. Project Site Map (Base Map By: A.R. Brown, 1982) 


engineering practices related to headcutting induced from a mining pit. The following studies 
were found to provide valuable background and methods for headcut analysis: 


(1) Anderson-Nichols assisted by Colorado State University conducted physical modeling for 
analyzing the impact cf instream gravel mining on the adequacy of the Salt River channelization 
project and for developing the guidelines to implement proper control of those mining operations 
to avoid adverse impacts (Roberts, B. R., Horn, D. R., and Chen, Y. H., 1980). The experimental 
results show that the upstream migration along the channel thalweg through the process of 
headcutting is a function of pit depth and volume. The maximum headcutting depth usually 
occurs during the initial stages of the hydrograph when water starts to enter the pit. The 
headcutting action stops when the gravel pit is filled with water and the newly cut channel 
aggrades slightly during the remainder of the flood. The results also indicate that headcutting 


depth and distance vary strongly with pit depth. 


(2) Simons, Li & Associates, Inc. (SLA, 1982), developed a guideline for the engineering 
analysis of sand and gravel mining. SLA modified and utilized the water and sediment routing 
method developed by Simons and Li (1979) to analyze erosion and deposition problems 
associated with instream or floodplain mining operation. The model was applied to predict the 
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headcutting profile induced by the instream mining operations in San Juan Creek and Bell 
Canyon of Orange County, California, as well as in Rillito Creek of Tucson, Arizona. Model 
predictions were found to be in good agreement with the measured values for the gravel pit in 
San Juan Creek. Similar studies were also conducted for the proposed Columbia pit for sand and 
gravel mining in the Santa Cruz River floodplain, Pima County, Arizona. The study also shows 
that the pit depth significantly influences the severity of the headcut effect. In the study, the 100- 
year flood hydrograph for the proposed pit and the associated headcut distance and headcut depth 
were presented graphically for different pit depths up to 30 feet. The analysis reveals that 
headcutting should practically cease after the drown-out time. To provide a factor of safety, a 
1.5 multiplier to get the ultimate headcutting distance was recommended. 


(3) Cotton and Ottozawa-Chatupron (1990), in their paper, described the analysis procedure 
developed for the Arizona Departmeni of Transportation for the estimation of short-term 
longitudinal channel response due to instream mining. The procedure was developed using a 
simulation model formulated specifically for the hydraulic conditions typical of mined river 
reaches in Anzona. The model was calibrated using data from mined river reaches in sand bed 
and gravel bed channels throughout Anzona. Simulations were then conducted to create several 
synthetic cata sets from which general dimensionless relations were developed. Formulas for the 
maximum depth and distance of scour upstream and downstream of an instream excavation for a 
flood hydrograph could then be determined and applied. In their paper, the regression equations 
for the case of a sand bed channel with a sediment gradation of Dsyp = 1 mm were presented. 
From the model simulations, limiting conditions for scour were found for headcutting. 
Headcutting is limited to no more than half the excavated depth due to deposition immediately 
downstream of the pit brink. 


(4) W. J. McKeever, Inc., provided an estimated headcutting profile for the proposed mining pit 
in the study area. The profile was determined using a slope twice the natural ground slope down 
to half the pit depth. Thus, the maximum headcutting depth is also half the pit depth. The 
available headcutting profiles from Anderson-Nichols and SLA for different conditions were 
analyzed. All the maximum headcutting depths are found to be less than but close to half the 
mining pit depth. However, the slope of the headcutting profile is much larger than the slope 
determined using the rule-of-thumb above. Therefore, the headcutting profile calculated using 
this engineering rule-of-thumb might provide the limiting envelope for the extent of headcut 


migration. 


In order to test the applicability of the regression equations presented by Cotton and Ottozawa- 
Chatupron (1990), hereafter referred to as “regression equations”, the equations were applied to 
calculate the maximum headcutting distance and depth using the data of SLA. The computed 
results were then compared to the vaiues obtained using the SLA model. The comparisons show 
that the values of headcutting distance using the regression equations are generally 3.5-4.5 times 
the SLA values. This is probably because the available regression equations were developed for 
a sand bed channel and an instream mining pit. If these regression equations are used to predict 
the headcutting magnitude induced by the floodplain sand and gravel mining operation, the 
results may be over-predictive and conservative. 


a 
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HYDROLOGIC CONDITION 


Figure 2 shows the 100-year and 500-year discharge hydrographs downstream of Southem 
Pacific Railroad (S.P.R.R.) Bridge. The hydrographs were developed by transforming the 
available hydrograph on downstream Smith Creek based on the peak discharge factor and the 
drainage area ratio. The hydrographs indicate that floods are usually of the Aflash@ type, 
reaching their peak within a few hours, and then subsiding just as quickly. The major floods 
would rise from the streambed to extreme flood peak in about 5 to 6 hours from the beginning of 
rainfall. 
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Figure 2. Discharge Hydrographs for the Study Reach at the S.P.R.R. Bridge 


As described previously, the volume of inflow entering the mining pit plays an important role in 
developing the headcutting profile. A HEC-RAS model developed for the levee analysis was 
used to determine the hydrograph of the flow into the pit. 


in the event of levee failure, split flow develops at the location where the levee fails. The levee 
assumed to be breached at the same location as in the 1969 flood, which breached the existing 
earthen dike at a location approximately 1,500 feet downstream of the Southern Pacific Railroad 
bridge where high flows impinged on the dike between the two cross-sections at stations 70+65 
and 67+00 as shown in Figure |. It is also assumed that the split fow on the left overbank enters 
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the mining pit from the upstream boundary of the pit. This assumption is conservative since 
In HEC-RAS, the left overbank was treated as a separate channel. Two cross sections were used 
in the overbank. The HEC-RAS program treats the flow region where split flow develops as a 
junction. Since the HEC-RAS program, Version 2.2, does not have the split flow option and the 
amount of flow going to each reach is unknown, a trial and error process was used to obtain the 
correct flow distribution. Afler an initial estimation of flow diversion at the junction, the 
program was run to compute the energies and water surfaces at all locations around the junction. 
The energy ai main channel station 67+00 and the upstream cross section in the overflow reach 
was then compared. The flow was re-distributed until the resulting energies at these two cross 
sections were equal. 


Table | shows the computed flow going to the left overbank for the 100- and 500-year floods. In 
the computations, the continuous hydrographs shown in Figure 2 were transformed as a sequence 
of discrete steady flows, each having a specified duration. At a particular discharge, the HEC- 
RAS model was used to get the flow distribution. The calculation shows that when the discharge 
upstream of the junction is larger than 5,270 cfs, overflow to the left bank begins and flow starts 


to split into the mining pit. 
Table 1. Flow split into the mining pit. 
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3.0 12.0 5,280 0 3.0 12.0 9.877 1,910 
12.0 24.0 1,150 0 12.0 24.0 1,915 0 
HEADCUT ANALYSIS 


The methods described in the previous section were used to estimate the range of maximum 
headcutting distance and depth. The following sections describe the detailed computations. 


: The calculations using the regression equations need the dimensions of 
the mining pit and the hydrograph of inflow entering the pit. The volume of the proposed mining 
pit which can be filled with water was estimated to be about 4.06 x 10° cubic feet. The 
estimation was based on the project plan sheet. The proposed excavated pit bottom slopes in the 
downstream direction. The top elevation at the most downstream brink of the pit is about 1,950 
feet, which is 200 feet above the pit bottom. Considering the sloping effect of the pit bottom, the 
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flow split into the pit may only rise up to about 200 feet above the pit bottom since the flow will 
leave the pit at the downstream brink. Therefore, the limits of an area representing the surface 
area up to the elevation that the filling flow may reach, was sketched. The numerical areas of the 
surface and bottom areas were then estimated by using a digital planimeter. The volume of the 
effective pit was approximately computed using the formula for caiculating the volume of a 
frustum of a pyramid. In the headcut analysis, the following dimensions of pit were used: 2,400 
feet long, 736 feet wide, and 230 feet deep to represent the calculated volume. 


The regression equations were applied to determine the variation of headcut distance and depth 
with time. First, the 100-year flood discharges were applied to get the maximum headcut 
distance and depth. However, since the volume and depth of the existing pit are so large, the 
100-year flood can only fill 13% of the pit volume. If a second sequential 100-year storm 
follows to hit the study area, the headcutting effect of the first 100-year flood will continue. 
Therefore, the headcutting distance and depth shown are the impact of a sequence of 100-year 
floods. In this casc, after the second 100-year flood, the water still only fills 25% of the pit 
volume. To be conservative, the full flow upstream the junction was applied for the computation. 
At any given time, the flow rate splitting into the pit equals the discharge from the upstream 
minus 5,270 cfs at which flow split starts to develop. 


One single 500-yea: superflood was also used to estimate the maximum headcut distance and 
depth. Table 2 shows the results for different flow conditions. According to the 
recommendation of SLA, a safety factor of 1.5 to get the final headcut distance was applied. The 
maximum headcutting depth is about 115 feet which is half the pit depth, The maximum 
headcutting distance is about 834 feet. It should be pointed out that, according to the sensitivity 
analysis, both the discharge and duration affect the value of headcut distance. For example, if 
the duration of 500-year peak flow is widened from | hour to 2 hours, the headcut distance will 
correspondingly increase to 1,054 feet. 


Table 2. Headcut distance and depth for different flow conditions. 
































Volume filled Distance (ft) 
(%) (ft) 

"First 100-year flood, split flow only n “330 34 
“Second 100-year flood, split flow only Pi ee 6 
First 100-year flood, full Now iy a9 63 
“Second 100-year Mood, full flow 6) 77 106 
"Single 500-year food, split flow only 3 408 3 
"Single 500-year flood, full flow “FF oa iis 
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SLA Method ®y examining Figures 20.184 and 26.18c in SLA’s book (SLA, 1982) showing 
the effect of piu depth ranging from 5 feet to 30 feet on headcut distance and headcut depth, 
headcut dimensions are found to be linearly reizted to the pit depth. The curve was linearly 
extrapolated to the pit depth of 230 feet. The obtained headcut distance and depth are 830 feet 
and 43 feet, respectively. Although there might exist some uncertainties for this linear 
extrapolation, the extrapolited values still provide an estimate of the headcutting magnitude. 


Rule-of-Thumb: The channel bed slope between the bridges and the proposed mining pit is 
about 3%. Applying the rule-of-thumb, the maximum headcutting depth will be 115 feet and the 
headcutting distance will be about 1,200 feet. 








SUMMARY AND DISCUSSIONS 


Based on the calculations, the range of the headcut depth is from 24 feet to 115 feet, while 
headcut distance ranges from 230 feet to 1,200 feet. It should be noted that the current analyses 
imply some uncertainties, such as the inflow hydrograph, the location of levee failure, and the 
accuracy of the estimating method. Also, no credit was given to the armored concrete layer that 
protects the streambed below the railroad bridge because no design information was available for 
this feature. However, the results show, given the most conservative assumptions for ‘/c 
analysis, and considering the rule of thumb which may represent the maximum envelope . 
headcut distance, that headcut migration does not reach the railroad bridge or I-10 freeway. 
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ASSESSING THE GEOMORPHIC EFFECTS OF INSTREAM GRAVEL MINING 
ON THE MAD RIVER, HUMBOLDT COUNTY, CALIFORNIA 


By Kevin Knuuti, P.E., Hydraulic Engineer, U.S. Army Corps of Engineers, San Francisco, 
California 


Abstract: Approximately 100,000,000 cubic yards (140,000,000 tons) of gravel are mined each 
year in California, the large majority being mined from riverbeds and floodplains. Gravel 
mining in the Mad River has been an ongoing business since the 1800s and has caused varying 
degrees of controversy throughout much of this century. Various individuals and agencies assert 
that gravel mining is causing riverbed degradation and riverbank erosion. Others counter that the 
mining is preventing bed aggradation and is thus providing a flood control benefit. Questions 
concerning the effects of gravel mining on the geomorphology of the Mad River have not been 
clearly answered. 





In 1994, Humboldt County, gravel mining companies, and environmental interest groups 
established a committee to review gravel-mining practices and to study the effects of gravel 
mining on the lower Mad River. The committee estimates the lower Mad River can support a 
mean annual extraction of 150,000 to 200,000 cubic yards (210,000 to 280,000 tons) of bed 
material per year. Gravel miners contend the river can support more than twice that amount with 
no adverse morphological consequences. In 1999, the U.S. Army Corps of Engineers began 
studying the lower Mad River in relation to past and current gravel-mining practices. The 
study’s goal is to assess the geomorphic effects of instream gravel mining on the lower Mad 
River and to recommend, if necessary, what additional work is needed to quantify those effects 
and ensure the stability of the channel. 


Assessing the effects of riverbed gravel mining on channel evolution is a complicated task. 
Erosion and deposition are directly related to channel width and slope variation and are affected 
by stream power, bed load, and effective (dominant) discharge. Natural channels tend to evolve 
toward a state of equilibrium that may be distorted by the artificial removal of bed material. This 
paper examines available data in an attempt to quantify the factors associated with a stable lower 
Mad River channel and to assess the effects that gravel mining has had on channel morphology. 


INTRODUCTION 


The geology and land use practices in northwestern California result in rivers with extremely 
high sediment loads. Humboldt County is especially susceptible to these conditions, with a 
result being that the Mad River is one of the highest sediment producers (5,000 tons per square 
mile per year) in the world (California, 1982). 


The topography of Humboldt County is characterized by deep V-shaped canyons that have 
resulted from complex folding and faulting and periodic tectonic uplift. The geology is primarily 
made up of the Franciscan assemblage, which is mostly grawacke, siltstone, shale, and 
conglomerate, with some altered volcanic and metamorphic rocks. These rocks are highly 
susceptible to weathering and, given the high annual rainfall (40 to 70 inches per year) and the 
steep terrain of the area, erode rapidly. 
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The forests of Humboldt County are dominated by Redwoods (Sequoia sempervirens) and 
Douglas Fir (Pseudotsuga menziesii). After a local railroad was established in 1892, the timber 
industry in the area expanded. Activities such as clear cutting, log skidding, and road building 
resulted in massive erosion and severe sediment problems in the lower Mad River. The river, 
which had been straightened in some areas to reduce flooding and to improve fishing, began to 
aggrade. The readily available sediment supply, combined with the increasing population and 
development in the area, led to the establishment of the local gravel-mining industry. 


Currently, several gravel-mining companies operate on the lower Mad River. Their primary 
means of mining is to “level skim” the gravel bars in the river during the low flow periods that 
accompany the dry summer season. If done properly, by extracting the excess sediment the river 
deposits on its bed each year, the gravel mining industry can help maintain the river in a stable 
condition with no aggradation or degradation of the bed. Dctermining the optimum average 
annual extraction volume for this condition, however, is not simple. In a preliminary attempt to 
quantify the sustainable yield of gravel the lower Mad Rive: an supply, the U.S. Army Corps of 
Engineers (Corps) is currently reviewing a variety of available data. The available data includes 
historic aerial photographs, bedload and stream flow measurements, and channel cross sections. 


PROCEDURE 


General: The purpose of this analysis was to examine available data and information and to 
determine the sustainable extraction yield, for gravel mining, from the Mad River. The analysis 
was also to look at what effects, if any, recent gravel-mining practices have had on the 
morphology of the lower Mad River. To accomplish this, we divided the analysis into two parts: 


Available Data: In 1970, as part of a water supply project, the Corps surveyed thirty cross 
sections along a thirteen-mile stretch of the lower Mad River that covered the entire area in 
which the gravel miners currently operate. We intended to compare those 1970 cross sections to 
cross sections from this year but, at the time of writing this p r, the results from the new 
survey were not available (because of the absence of new survey ‘ta for the original thirty cross 
sections, we consider the information in this paper to be preliminary). In addition to the Corps 
cross sections, the California Department of Transportation (CALTRANS) and the Humboldt 
Bay Municipal Water District (HBMWD) each have river cross sections that they have surveyed. 
CALTRANS measures bridge cross sections in the study area at Highway (Hwy) 101 and Hwy 
299, at a frequency of approximately once every ten years, and has survey information for these 
two bridges dating back approximately fifty years. HBMWD collects groundwater from beneath 
the Mad River with a series of Raney collectors and has cross section surveys for the portion of 
the lower Mad River in which it operates its collectors. 





Federal, state, and local government agencies have taken a variety of aerial photographs of the 
lower Mad River. We have compiled a collection of aerial photographs, covering the entire 
project area, that date from the 1940s to the present. 


In the early 1970s, the Corps worked with the U.S. Geological Survey (USGS) to measure bed 
load in the Mad River. The USGS collected bedload and associated discharge measurements at 
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three different stream gauging stations along the lower portion of the river (Arcata, Blue Lake, 
and Kneeland). The USGS also has a record of average daily stream flow and suspended 
sediment concentration at the Arcata gauge that is over fifty years in duration and shorter 
duration stream flow information at the Blue Lake and Kneeland gauges. 


ANALYSIS 


General: Any systematic changes to the Mad River’s boundary conditions could result in 
instability in the river system. Modifications such as increasing the sediment load (a result of 
logging practices and local geology), decreasing the sediment Joad (a result of gravel mining), 
changing the channel slope (a result of certain gravel mining techniques), or changing the flow in 
the river (a result of extraction for water supply purposes) ai! have effects. Generally, these 
effects can be described using Lane’s proportionality relationship (Lane, 1955): 


Q;D ~ QS 


where Q, is the bed material load, D is the sediment size, Q,, is the water discharge, and S is the 
channel slope. Using this relationship, we can predict the effects a change in one of the variables 
would have on a stable river (see Table i). The effects can differ for the areas immediately near, 
upstream, and downstream from the change. Typically, however, a change in the bed material 
load will have an effect that migrates downstream while a change in the channel bed level or 


slope will have an effect that migrates upstream (Hey, forthcoming). With these relationships in 
mind, we examined available data and information on the Mad River to determine what effects 


gravel mining might be having on the morphology of the river. 











Increased Increased sediment | Increased sediment load | Decreased slope may result 

upland erosion | load in the river causes channel in channel aggradation 
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(level skimming | overwidened and load in the river causes | end of mining area may 

of the bars) slope may be channel degradation to | cause channel degradation 
decreased, area progress downstream to progress upstream 
becomes a sediment | from mining area, (headcutting), increased 
trap (increased increased bank height bank height could lead to 
deposition) could lead to instability | instability and increased 

and increased erosion erosion 




















Table | — Predicted effects of land use practices on a stable river 


Analytical Methods: 





Geomorphic Features and Hydraulic Geometry: Analyzing the current stability of the Mad 
River using geomorphic features and hydraulic geometry is, at best, difficult. To use this 
approach, it is best to have a stable reach of river to use for comparison with the reaches being 
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examined. The middle and upper portions of the Mad River are tightly confined by steep, 
mountainous terrain. The lower Mad River, however, flows through a much wider valley with a 
gentle slope, allowing room for the river to meander. This entire lower portion of the Mad River 
was the subject of our analysis. The middle and upper portions of the Mad River are not simiiar 
enough to the lower Mad River for direct comparisons in terms of planform or hydraulic 
geometry. Additionally, the lower Mad River is no longer in regime, since its outlet was moved 
over 100-years ago and since it now receives such an abnormally high influx of sediment from 
local erosion and loses such a large amount of transportable sediment to gravel mining. Despite 
this, we examined possible relationships for geomorphic features and hydraulic geometry. 


We began by measuring radii of curvature for meander bends and comparing them to meander 
wavelengths. We compared the relationship of these values for the lower Mad River to the 
relationship described by Leopold (equation 1 (Leopold, 1964) and found Leopold’s relationship 
to consistently underpredict the wavelength of meanders on the lower Mad River. 


L=4.7 1m,” (1) 


We next calculated hydraulic geometry relationships at the three gauging stations on the lower 
Mad River by using the USGS data (9-207 forms) from the stations. We estimated effective 
discharge at two of the gauging stations (Arcata and Kneeland) by integrating the bedload 
transport curves with the discharge frequency curves for those stations. We used the effective 
discharge, along with the hydraulic geometry relationships, to determine the channel depth, 
width, and cross-sectional area for the effective discharge. We compared these values to the 
relationships between channel dimensions and meander bend radii described by Williams 
(Williams, 1986). Our comparison indicated that the river is much wider and shallower in the 
areas where the gravel miners operate than it is throughout the rest of the river. Our comparison 
also indicated that the river is much wider and shallower, in those same areas, than Williams’ 


relationships predict. 

Sediment Transport Analysis: In the early 1970s, the Corps and the USGS collected bedload 
samples for a variety of flows at the gauging stations on the lower Mad River. From this data, 
we developed bedload transport curves for the Arcata and Kneeland stations. Kneeland and Blue 
Lake each had only five data points. With the Blue Lake data being so clustered, with no 
cbvious relationship, we did not feel it was appropriate to define a transport curve for that gauge. 
The Kneeland data and the Arcata data were consistent enough (despite the variability in the 
Arcata data at higher flows) that we thought we could approximate a relationship between 
bedload transport and river flow at those locations (see Figure 1). We also examined the particle 
size distributions for samples of bedload and of bed material (which should be more 
representative of bed material load). Our comparison of bedload and bed material particle sizes 
showed them to be very similar, incicating that there may not be a significant portion of 
suspended bed material load in the system and that bedload by itself may be a reasonable 
approximation for calculations of channel forming sediment transport. 


Using the bedload transport and flow duration curves for Kneeland and Arcata, we estimated the 


average annual sediment transport into our study reach (Kneeland data) and out of our study 
reach (Arcata data). The difference between these two values was the amount of sediment that is 
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Figure 1 — Mad River bedload transport curves 


stored in or lost from the study reach. As a comparison, we also calculated sediment transport 
rates using sediment transport equations. To determine appropriate equations, we plotted several 
different equations on our plot of measured bedload transport data. The equations we considered 
included Meyer, Peter and Muller; Ackers and White; Yang, 1984; and Brownlie. All of these 
equatior; predicted higher sediment transport values than were measured during bedload 
sampling, but this was not unexpected. The equation by Ackers and White showed the closest 
relationship to the measured bedload data so we calculated annual sediment transport into and 
out of the study reach using that equation. Our calculated values are summarized in Table 2. 











[ Analysis Method Study Area Input Si Aree put Sanh Aree Sigs | 
| Bedload rating curves 152,000 tons/year | 81,000 tons/year 71,000 tons/year 
| Ackers and White 251,000 tons/year | 106,000 tons/year 145,000 tons/year | 


Table 2 — Calculated sediment budget fu. study area 

















Due to the limited amount of bedload data, and the scatter shown in that data, we considered the 
possibility of using suspended sediment data to predict bedload or bed material load transport. 
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We had no suspended sediment data for Kneeland or Blue Lake, but were able to compare our 
bedload data from Arcata to the suspended sediment data from Arcata. Despite the fact that 
bedload or bed material load can often be estimated from suspended sediment load, we were not 
able to identify any relationship between the two using the data we had for the Arcata gauge. 


Historical Information: Assessing historical information was the major portion of our study. 
We began by examining historical aerial photographs of the river and comparing channel widths, 
meander arc radii, meander wavelengths, and sinuosity for each set of photographs. We also 
considered the following general relationships, as described by Simons (Simons, 1992): 





S~Q, and s~ 1/Q, 


where S represents channel slope, s represents sinuosity, and Q, represents bed material load. 
Our review of aerial photographs indicated that the sinuosity of the lower Mad River has 
increased very slightly from 1.28 in 1954 to 1.30 in 1999. This represents an increased length of 
approximately 1,300 feet over the 68,640-feet long study section. This increased sinuosity and 
decreased channel slope are possible effects of a decrease in bed material load transport. 


The principle portion of our analysis was supposed to be a comparison of thirty channel cross 
sections, surveyed in 1970 and 1999. The Corps completed the 1970 cross sections as part of a 
hydraulic study of the lower Mad River and the 1999 cross sections were to be surveyed in the 
same locations for analysis in this study. At the time of writing this paper, however, the thirty 
new cross sections were not yet available. Instead, we were only able to compare channel cross 
sections at two bridge locations, at the Arcata gauging station, and at three other locations in the 
HBMWD area upstream from the bridges. Of these five cross sections, Hwy 101 is closest to the 
river mouth, Hwy 299 is approximately 13,000 feet upstream, the Arcata gauge is a few hundred 
feet upstream from Hwy 299, and the HBMWD cross sections are spread over a 9,000-feet long 
reach upstream from Hwy 299. The bridge cross sections showed steady bed degradation from 
approximately 1960 until approximately 1990. The Hwy 299 cross section showed the greatest 
average degradation, approximately 12 feet or 0.4 feet of degradation per year (see Figure 2). 
During the same period, the Hwy 101 cross section showed an average of 8 feet of degradation 
(0.25 feet per year) and the Arcata gauge showed an average of 5.8 feet of degradation (0.18 feet 
per year). The HBMWD cross sections indicated a slower, but still obvious, rate of degradation, 
approximately 4.5 feet of degradation for the same period of time (0.15 feet per year). Using 
similar channel cross sections and plan view areas, Lehre estimated the volume of material lost 
from the river bed (due to degradation) to be approximately 185,000 cubic yards (259,000 tons) 
per year from 1962 to 1992 (Lehre, 1993). 


Two other sources of historical information we had available were the records of Sweazy Dam 
and of gravel mining activity. Sweazy Dam was built in 1938 between the Blue Lake and 
Kneeland gauges. The dam had an impoundment area of 3,000 acre-feet that was completely 
filled with sediment by 1960. This record gave us a reliable estimate of approximately 215,000 
cubic yards per year (301,000 tons per year) of bed material load being transported into our study 
area. Gravel mining records indicated a minimum average extraction rate of 380,000 cubic yards 
per year (532,000 tons per year) from 1952 to 1992. Since regulated in 1992, the average 


XI - 78 A 


Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


extraction rate has decreased to approximately 260,000 cubic yards per year (364,000 tons per 
year). 



























































Figure 2 —- Highway 299 Channel Cross Section 


CONCLUSIONS 


Our analysis of geomorphic features and hydraulic geometry showed the lower Mad River to be 
meandering with a shorter wavelength than might be expected and to be slowly increasing in 
sinuosity. Our analysis of these relationships also indicated that the river has several extensive 
sections (primarily where the gravel operators mine) where the channel is much wider and 
shallower than other sections of the river and much wider and shallower than would be expected 
in a stable system. While we did not place much emphasis on the results of the meander radius 
of curvature to meander wavelength relationship we did consider the channel’s high width:depth 
ratio to be significant. The extremely high width:depth ratio in sections of the lower Mad River 
is a primary result of gravel mining techniques. By level skimming the bars that the river builds 
each year, the gravel mining prevents the river from stabilizing itself The disproportionate 
width:depth ratio may also adversely affect fish habitat in the river by reducing habitat diversity 
and possibly increasing water temperature. 


Using the sediment transport curves and equations to quantify the effects of gravel mining on the 
river is also difficult. The Blue Lake gauge data is essentially useless (in terms of defining a 
relationship from it), the Kneeland gauge data is suspect (since it only contains five points), and 
the Arcata gauge information is quite variable. Sediment transport equations may be extremely 
unreliable if they are not applied to conditions similar to those from which they were derived. 
Still, we were able to compare estimated sediment transport rates as determined by transport 
curves and equations. For our study area of the lower Mad River, the transport rates calculated 
with the curves and equations were relatively close and certainly on the same order of 
magnitude. We compared those rates with the estimated transport rate as determined at Sweazy 
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Dam as well as with the estimated volume of gravel lost from the river bed due to degradation 
and found the results quite compatible (see Table 3). 






































Study Area | Study Area | Study Area | Average Gravel | Study Area | Volume of Bed | 
Input Output Storage Extraction Storage Degradation 
(tons/year) | (tons/year) _| (tons/year) | (tons/year) (tons/year) | (tons/year) 

Bedload Bedload 71,000 Mining records | 461,000 Lehre’s 
rating curve | ratingcurve | (stored) 532,000 (loss) estimate 
152,000 81,000 259,000 
Ackers and | Ackersand | 145,000 | Miningrecords | 387,000 | Lehre’s 
White White (stored) 532,000 (loss) estimate 
251,000 106,000 259,000 
Sweazy Dam | Bedload 220,000 Mining records | 312,000 Lehre’s 
value rating curve | (stored) 532,000 (loss) estimate 
301,000 81,000 259,000 
Sweazy Dam | Ackers and | 195,000 Mining records | 337,000 Lehre’s 
value White (stored) 532,000 (loss) ] estimate 
301,000 106,000 259,000 








Table 3 —- Lower Mad River sediment budget results (1960-1992) 


All of these results compare reasonably well with Lehre’s estimate of bed material volume loss 
during the period from 1960 to 1992. With the uncertainty of the sediment budget and mining 
extraction values, however, and with their annual variability, we cannot specify one volume for 
gravel extraction that would be an acceptable sustainable yield for the study area. Rather, we can 
specify a range of acceptable annual extraction values (100,000 to 200,000 tons/year, for 
example) from which regulatory officials may select a value based on the river flows during the 
previous winter and the results of regular channel cross section surveys. 


Given the uncertainty associated with the sediment budget calculations, we feel that the most 
reliable means of regulating gravel mining in the lower Mad River is through the use of annually 
surveyed channel cross sections. We anticipate being able to specify cross section locations for 
future annual surveys after we receive and analyze the most recent set of survey data for the 
cross sections the Corps originally surveyed in 1970. 
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HISTORIC PATTERNS OF SEDIMENTATION 
IN THE ATCHAFALAYA BASIN FLOODWAY SYSTEM 
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Abstract: Less than 100 years ago, Grand Lake, also known as Lake Chetimaches, was a major feature of 
the Atchafalaya Basin. Today, because of lake sedimentation and succession, accelerated by construction 
of features of the Corps of Engineers’ Mississippi River and Tributaries flood control system, only small 
remnants of the lake remain within the Atchafalaya Basin Floodway System. The Corps of Engineers 
has surveyed historical topographic data since 1917. These data present a dynamic picture of how 
sediments have filled Grand Lake. To better define the processes and trends underlying the sedimentation 
observed in the Grand Lake area, a simple accretion model has been developed. This model assumes that 
annual accretion is proportional to annual volumetric water discharge and increases asymptotically toward 
a maximum as average water depth increases. This paper presents the historic topographic data, the 
accretion model development and projections, and some conclusions as to future sedimentation rates in 
the Grand Lake area. 


INTRODUCTION 


The present 3496.5 km’ (1350 mi’) Atchafalaya Basin Floodway that lies between the East and West 
Floodway Protection Levees has been termed America’ s Greatest River Swamp (United States Fish and 
Wildlife Service 1978). The Atchafalaya Basin extends inland 201 km (125 mi) and is roughly 24 km (15 
mi) wide. Subsidence and the development of distributary channels (Tye and Coleman 1989a, Tye and 
Coleman 1989b) drive long-term patterns of sediment deposition in the Atchafalaya Basin. Grand Lake, 
the large lake which formed at the lower end of the Basin, primarily discharges through two outlets, the 
Lower Atchafalaya River at Morgan City, and the Wax Lake Outlet artificial channel, completed in 1942. 
In recent decades sedimentation has filled most of the area of Grand Lake (Fig. 1). 


The Flood Control Act of 1928 authorized the Mississippi River and Tributanes Flood Control Plan 
and developed the plan to utilize the Atchafalaya Basin as a floodway to reduce flood stages in the 
Lower Mississippi River. Today, the Atchafalaya Basin serves multiple uses. The principal role, and 
arguably the most valuable role, of the Atchafalaya Basin Floodway system is to convey onc half of 
the 85,000 m’ s' (3,000,000 cubic feet per second, cfs) design flood of the Mis’ ssippi River and 
Tributaries Flood Control Plan. During such conditions the Atchafalaya Basin conveys half of the 
total Mississippi River Basin flood discharge to the Gulf. To insure use as a floodway, the federal 
government has purchased flowage easements on property within the Basin and regulates 
development that might interfere with floodway operation. Other important uses of the Atchafalaya 
Basin include fishery production, sport and non-sport wildlife production, tourism, recreation, 
agriculture and silviculture. 
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Fig. 1. Grand Lake (GL) and Lake Fausse Point (LFP) shorelines as mapped in 1917. Locations of the 8 
Rangelines examined in this study are shown (18-A, 19-A, 20-A, 21-A, 22-A, 23-A, 24 and 25). 


During the early 1930's, the route of the Atchafalaya River through the Atchafalaya Basin was 
altered. Onginally, the major flow of the Atchafalaya River turned sharply eastward near Butte La 
Rose and followed ac... that was in part outside the current East Atchafalaya Basin Protection 
Levee. Before *.. |°3. s, the Atchafalaya River channel did not pass through Grand Lake. Flow 
through Grand ' a) ~ »vas limited to discharge through a \. eb of small distributaries and overland 
flows during f ox -vents. In the early 1930's the main Atchafalaya River channel was rerouted to 
flow through Grand Lake. Although this new channel may have improved channel capacity and 
created an efficient hydraulic connection to the newly constructed Wax Lake Outlet, it also promoted 
succession of Grand Lake through the increased deposition of sediments. 


In the nineteenth century Grand Lake, also called Lake Chitimaches, was a dominant feature of the 
Atchafalaya Basin covering approximately 15% of the present day Basin. Today, only small shallow 
remnants of the lake exist within the protection levees of the Floodway. This rapid reduction of Lake 
Volume is similar to that documented in some man-made reservoirs which have filled in less than 25 
years (Chanson and James 1998). Protected from sediment load of the Atchafalaya, an arm of the 
former lake has been preserved as Lake Fausse Point (Tye and Coleman 1989a), located to the west 
of the West Atchafalaya Basin Protection Levee. The rapid disappearance of Grand Lake has 
heightened concern about succession and loss of other features within the Basin. While 
sedimentation and delta growth are most often considered desirable processes in the Atchafalaya 
Bay, sedimentation and associated succession are commonly considered undesirable within the 
Atchafalaya Basin. This paper focuses on changes in Grand Lake, documented in USCE, New 
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Orleans records of the eight rangelines (upstream to downstream 18-A, 19-A, 20-A, 21-A, 22-A, 23- 
A, 24 and 25) which cross this lake. 


METHODS AND MATERIALS 


In order to identify changes in the capacity of the Atchafalaya Basin to convey flood discharges, the 
U.S. Army Corps of Engineers has surveyed elevations along transects, termed rangelines, at 
irregular intervals beginning in 1916. Data from these surveys were obtained from the New Orleans 
District Office of the Corps of Engineers as large format graphs of elevation plotted against distance 
along the rangeline. Rangeline data for the entire Atchafalaya Basin for all years were digitized and 
registered into a three-dimensional georeferenced Intergraph Microstation GIS database. In this 3-d 
database, the rangelines can be analyzed from many different aspects. 


Average elevations were measured using the Microstation polygon area function. A horizontal base 
line of arbitrary elevation was constructed directly below each rangeline. Vertical lines were then 
erected from this baseline connecting to the rangeline under consideration at its endpoints or the 
inner levee toe, and at the main river channel banks. The area of the resulting polygon (or polygons 
if a section of the main channel crossed the rangeline) was then divided by the total length of the 
baseline under the polygon to determine the average elevation of the rangelines above the baseline 
elevation excluding the levees and main Atchafalaya River Channel. These elevations were imported 
into a spreadsheet for further analysis. 


RESULTS 


Data from 79 rangeline surveys of Grand Lake in 23 different years over the period from 1916 to 
1988 were available for this study. Because of budget and logistical considerations, all eight 
rangelines were surveyed in only one (1974) of these 23 years. As a reference, the Corps of 
Engineers Butte La Rose gage (03120) is located at river mile 64.8, the Six Mile Lake gage (03645) 
is located at river mile 105.2, and the gage at Morgan City (03780) is located at river mile 117.7. 


Over the entire period of observation the bottom surface elevation sloped toward the Gulf. In the 
earliest observations in 1917, the minimum elevation was -3.19 m at rangeline 25 near river mile 
110. By 1980 this downstream elevation had risen to -0.34 m, an average rate of accretion of 4.5-cm 
yr’. From 1917 to 1941 accretion rate at this rangeline was 4.2-cm yr", and from 1941 to 1980 
accretion rate was 4.7-cm yr", an increase of 12%. At the upstream rangeline, 18-A, at river mile 85, 
elevation rose from -1.07 m in 1917, to 0.09 m in 1940, to 0.93 m in 1978. This corresponds to an 
accretion rate of 3.3-cm yr’ over 1917 to 1978, a rate of 5.0 from 1917 to 1940 and a rate of 2.2-cm 
yr’ from 1940 to 1978. Thus, at the upstream rangeline accretion rate dropped 56 percent in the later 
penod. 


Overall average accretion rate for all rangelines over the entire period of study was 3.6-cm yr'' This 
is an unusually high rate of accretion. Referring to canals and wetlands, Dortch (1996) show that 
typical accretion rates are more than an order of magnitude below the values determined here. The 
high rate of accretion observed in Grand Lake may be attributed to the high-suspended sediment 
concentration of the Atchfalaya River, the very large flow passing through the lake, and the initial 
lake depth. 


To provide comparative water surface elevations, stage data from three Atchafalaya River Stage 
gages were analyzed. Lines of water surface elevation, termed flowlines, at three different discharge 
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values were derived from published stage and discharge data for the 1974 calendar year. Elevations 
at Butte La Rose, Six Mile Lake, and Morgan City were determined for three Atchafalaya River 
discharges measured at Simmesport. Flowlines for 3000, 4000, and 6000 m’ s™' (106,141, and 212 
thousand cfs) were determined. These discharges represent approximately the 25, 40, and 60% flow 
duration (i.¢. percent of days that the flow is not exceeded) since the Old River Control Structure 
began operation (Wells and Demas, 1977). 


In order to overcome variability in data, a simple empincal model of annual accretion was developed 
and compared to the given values. Sedimentation and accretion models are most commonly based on 
an assumed particle settling velocity determined through calibration or using Stoke’ s Law (Cerco 
and Cole 1995, Dortch 1996). Applications of these models require at a minimum, knowledge of 
water velocities and depths; these were unavailable for Grand Lake. In consideration of this 


limitation, the model developed here 1s empincal and is based on observed trends and asymptotic 
reasoning. Annual change in average elevation was modeled as: 





where r, is the annual accretion rate over year t (m yr''). E, is average rangeline elevation AMSL (m) 
at the end of year t. E, is the equilibrium (maximum) accretion elevation (m). fmax 18 the maximum 
accretion rate (m yr'). Q, is river annual calendar-year average volumetric discharge (m’s"'). K is 
the distance (m) below E, at which accretion rate is reduced to half r,.,,, and r, and a are constants. 


For Grand Lake these parameters were estimated through a visual calibration to the observed values. 
An optimal value of the exponent “a” was found to be near unity, and a value of | was accepted as 
the calibrated value. The parameter r, was determined to be 1.803 sm” yr through calibration. For 
these parameter selections, the average value of tm, for the period from 1934 to 1990 is 9.95-cm yr’. 
The parameter K was found, through calibration, to be 0.4 m at all rangelines. The maximum 
accretion elevation, E,, was found to depend on the rangeline location, and generally decreased from 

to downstream locations. For the rangelines 18-A, 19-A, 20-A, 21-A, 22-A, 23-A, 24, and 
25, the value of E, was estimated to be 0.9, 0.8, 0.5, 0.4, 0.35, 0.2, 0.1, and 0.1 m, respectively. 


Because the spatial pattern of flows through the Atchafalaya Basin was radically changed in the 
1930's, the calibrated model was initiated in 1934. Initial values were input for 1934, and subsequent 
years were then calculated on an Excel spreadsheet using the parameters cited above. Calculated 
values were in close agreement (Fig. 2) with the observations listed above. 


One goal of this study is to provide a more generalized method for projecting accretion that may be 
particularly useful in planning nver diversions for habitat restoration. It is therefore further 
conjectured that r,,,, can re belated to annual average suspended sediment concentration, c, and water 
application rate (discharge per unit area inundated), q,, by: 
Ce 
Toam=r *G5 + 
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where: r* is a dimensionless constant which may be expressed as a percentage, A is surfical 
sediment bulk density, the dry weight of bottom sediments per unit accreted volume (dg 1°'), and the 
value of q' is commensurable with precipitation rate and other area-specific intensive parameters, and 
may be most conveniently reported as m yr", and 


i 
sat 
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Fig. 2. Comparison of model and observed average rangeline elevations. Solid line is line of perfect fit 
(1:1 slope). 


The parameter r* can be interpreted as the fraction of the suspended sediment which is remc ved from 
the water column in the process of accretion and is related to trapping efficiency defined in other 
sedimentation studies (Strand and Pemberton 1982; Salas and Shin 1999). Solving Equations 2 and 3 


gives. 
re =rAA/ Ce 


Using parameter values available from the literature, the value of r* can be roughly estimated. Over 
the period 1964 through 1974, Atchafalaya River suspended sediment concentration averaged 460 
mg 1° (Wells and Demas 1977). Although suspended sediment concentrations in the Mississippi 
River have declined since the middle of this century (Dardeau and Causey 1990), a constant value is 
used here for analysis in order to simplify computation, and because very roughly half of the 
suspended sediment of the Atchafalaya River is supplied by the Red River (Mossa 1990) which is not 
known to have declined in suspended sediment concentration pnor to the relatively recent navigation 
improvements. Dendy and Champion (1969) have compiled bottom surficial sediment densities for a 
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large number of North American lakes. A typical value of 1.12 kg 1” (70 Ibs ft’) is used here. 
Combining these values with the original area of Grand Lake provides an estimate of 49% for r*. 
This estimate may be further compared to the peak percent of load removal projected in the model. 
Wells and Demas (1977) report that the average suspended sediment load passing Simmesport is 86 x 
10° t yr’ (260,000 td"'). The peak modeled annual accretion rate (Fig.3) is 38 x 10° m’, which, using 
1.12 tm”, converts to 43 x 10° t yr’, or 50% of the average suspended sediment load. Average 
annual accretion projected by the model for 1965 through 1971 is 11.8 x 10°-m’ yr’. This would 
correspond to an annual removal of 13.2 x 10° t. Wells and Demas (1977) report that although data 
are limited, it is estimated that over this period approximately 75% of the suspended sediment load at 
Simmesport were transported through the two outlets. They also report that net scour of the Basin 
was observed during the floods of 1973, 1974, and 1975. 


DISCUSSION AND CONCLUSIONS 


Accretion in Grand Lake peaked around 1950, and has generally diminished since that time (Fig. 3). 
Sedimentation and succession of Grand Lake will continue in isolated areas, but at a greatly reduced 
rate. In the future, sedimentation will likely focus on the remaining low-lying areas of the former 
lake as upper rangelines equilibrate at a mean elevation of <1 m. During the disappearance of deep 
open water, the nver channel extended itself through its growing floodplain. Development of a more 
efficient channel must, to some degree, reduce the sediment load flowing over the elevated 
floodplain, and affect final equilibrium elevation. Succession is approaching a final equilibrium 
condition with a typical channel, natural levee, and flood plain morphology. Today, the rate of 
sediment trapping in the former Grand Lake has greatly slowed or stopped, and Grand Lake is 
approaching an equilibrium surface elevation. 
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Fig. 3. Model projected Grand Lake volume (below equilibrium elevation) and annual accretion rate 
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During the decades of the 1930's and 1940's a significant fraction, perhaps 20-40%, of the suspended 
sediment load entering the Atchafalaya Basin remained in the Basin and was unavailable for delta 
accretion in Atchafalaya Bay. Fisk (1952) projected that the Atchafalaya Basin would be filled with 
sediment by the early 1970's, and a new marine delta would then build in Atfchafalaya Bay (Tye and 
Coleman 1989b). Grand Lake has been effectively filled since the mid 1970's. Today, the sediment 
trapping efficiency of the lake has declined to near zero, and nearly all suspended sediment entering 
Grand Lake is delivered to Atchafalaya Bay. Similar succession patterns have been observed in 
man-made reservoirs (Lajczak 1996, Kern and Westrich 1997). 


Patterns of sedimentation have been identified in this study. Accretion slows and finally stops as 
elevation approaches an equilibrium elevation. Areas of deep water accrete sediments more rapidly 
than shallow water bodies. Lakes also may preferentially fill with sediments from upstream to 
downstream segments. Expression of these patterns to the point that they can be identified and 
quantified depends on local hydraulic conditions and suspended sediment availability. 


Accretion occurs preferentially in deep areas. This observation is consistent with observations and 
models of reservoir sedimentation (Strand and Pemberton 1982). In Grand Lake, we found that 
accretion slows to 33% of the maximum rate at a bottom elevation 0.2-m below the equilibrium 
elevation. For a depth of 2 m below the equilibrium elevation, sedimentation occurred at > 80% the 
maximum rate determined by suspended sediment load. Thus, the rate of sediment accretion is 
relatively uniform and higher in deeper waters. 


The model developed here does not cc asider the longitudinal reduction of suspended sediment 
concentration that results from upstream accretion. Here this is appropriate because detention times 
are sufficiently short. In other situations it may be appropriate to consider upstream trapping and loss 
of suspended sediment by subdividing the study area into interconnected segments. 


A better understanding is needed of the factors that determine the equilibrium surface elevation. It is 
likely that this elevation is related to some statistic (e.g. mean annual low water) of local water- 
surface elevation. Mechanisms that reduce observed accretion as the equilibrium elevation is 
approached include loss of sediment source, increased scour and erosion, and enhanced consolidation 
of higher elevation surfaces. 


Preferential accretion in deep water may be one mechanism contributing to indirect land loss from 
excavation of canals in wetlands. In situations where suspended sediment supply is limited, 
sediments may preferentially settle in deep canals and therefore are unavailable to maintain surface 
elevations of surrounding wetlands. 


The methodology reported here could provide a quantitative basis for projecting and analyzing river 
diversion projects that divert flow to open water. It may also provide a basis for design of accretion 
monitoring studies in these areas. These simpie modeling techniques also may provide insight in 
interpretation of other wetland sedimentation studies using different data collection methodologies 
(Hupp and Morris 1990, Hupp et al. 1993). 


Much information about sedimentation and accretion can be extracted from the Atchafalaya Basin 
rangeline data. Only the data concerning Grand Lake has been considered in this paper. We plan to 
continue examining these valuable records, and to extend the analysis to the entire Atchafalaye River 
Basin. Opinions and conclusions expressed in this paper are solely those of the authors. 


XI - 87 4 io 





Proceedings of the Seventh Federal! Interagency Sedimentation Conference, March © ’ 2001, Reno, Nevada 


LITERATURE CITED 


Cerco,C.F.and Cole,T.M., 1995, User’s guide to the CE-QUAL-ICM three-dimensional eutrophication model, 
release version 1.0. Technical Report EL-95-15, U.S. Army Engineer Waterways Experiment Station, 
Vicksburg, MS 

Chanson,H. and James,P., 1998, Rapid Reservoir Sedimentation of Four Historic Thin Arch Dams in Australia. 
Journal of Performance of Constructed Facilities, ASCE 12:85-92. 

Dardeau,E.A. and Causey,E.M., 1990, Downward trend in Mississippi River sediment loads. Potamology Program 
(P-1) Report 5, Environmental Laborat: .y, U.S. Army Engineer Waterways Experiment Station, 
Vicksburg, MS. 

Dendy,F.E. and Champion,W.A., 1969, Summary of reservoir sediment deposition surveys made in the United 
States through 1965. Miscellaneous Publications No. 1143, reprinted as Appendix F in Water Quality 
Assessment: A Screening Procedure for Toxic and Conventional Pollutants - Part 2, U.S. Environmental 
Protection Agency, EPA-600/6-82-004b, U.S. Department of Agriculture. 

Dortch,M.S., 1996, Removal of solids, nitrogen, and phosphorus in the Cache River Wetland. Wetlands 16:358-365. 

Fisk,H.N., 1952, Geological investigation of the Atchafalaya Basin and the problem of the Mississippi River 
diversion, United States Army Waterways Experiment Station, Vicksburg, MS. 


Hupp,C.R. and Morris,E.E., 1990, A dendrogeomorphic approach to measurement of sedimentation in a forested 
wetland, Black Swamp, Arkansas. Wetlands 10:107-124. 


Hupp,C.R., Woodside,M.D. and Yanosky,T.M., 1993, Sediment and trance element trapping in a forested wetland, 
Chickahominy River, Virginia. Wetlands 13:95-104. 
Kern,U. And Westrich,B., 1997, Sediment budget analysis for river reservoirs. Water and Soil Pollution 99:105-112. 


Lajczak,A., 1996, Modeling the long-term course of not-flushed reservoir sediruentation and estimating the life of 
dams. Earth Surface Processes and Landforms 21:1091-1107. 


Mossa,J. 1990. Discharge-Suspended Sediment Relationships in the Mississippi-Atchafalaya River System, 
Louisiana. Dissertation, Louisiana State University, Baton Rouge, LA 

Strand,R.1. and Perberton,E.L., 1982, Reservoir Sedimentation Technical Guideline for Bureau of Reclamation. 
United States Department of Interior, Denver. 

Tye,R.S. and Coleman,J.M., 1989a, Depositional processes and stratigraphy of fluvially dominated lacustrine deltas: 
Mississippi delta plain. Journal of Sedimentary Petrology 59:973-996 

Tye,R.S. and Coleman,J.M., 1989b, Evolution of Atchafalaya lacustrine deltas, south-central Louisiana. 
Sedimentary Geology 65:95-112. 

United States Fish and Wildlife Service, 1978, The Atchafalaya: America’s greatest river swamp. Field Office, 
Lafayette, LA. 


Wells,F.C. and Demas,C.R., 1977, Hydrology and Water Quality of the Atchafalaya River Basin. Water Resources 
Technical Report No. 14, United States Geological Survey, published by Louisiana Office of Public Works, 
Baton Rouge, LA. 


XI - 88 AT 


Proceedings of the Seventh Federal Interagency Sedimentation Conference, March 25 to 29, 2001, Reno, Nevada 


STREAM MORPHOLOGICAL RESPONSE TO CLIMATE AND LAND USE 
IN THE MINNESOTA RIVER BASIN 


J. Magner, Senior Hydrologist, Minnesota Pollution Control Agency, St. Paul, MN; 
L. Steffen, Geologist, Natural Resources Conservation Service, Lincoln, NE 


INTRODUCTION 


Luna Leopold has said, “the river is the carpenter of its own edifice” (Leopold, 1994). Channel morphology is 
determined by the interaction of the opposing forces of gravity and resistance. Lane (1955) formulated this physical 
principle into a generalized relationship of Q, * D,, x Q * S, known as the stable-channel balance equation. The 
sediment half of the equation, sediment load (Q,) and particle size (D,,), sepresent the resistance or load factors. The 
runoff half, stream discharge (Q) and channel slope (S) represent the energy in the system. A stable-channel is one 
whose load and energy factors are in balance. Because these factors are interconnected, a change in one will cause 
channel adjustment. For example, a decrease in sediment load or an increase in stream discharge will cause an 
adjustment toward degradation, whereas, an increase in scdiment size or decrease in stream slope will tip the scale 
toward aggradation. Womack and Schumm (1977) have documented the adjusting phenomena in Douglass Creek 
Valley of Western Colorado. Over a 79-year period, the channel] degraded and aggraded to form six terraces. These 
changes were primarily a result of variable sediment loads. Emerson (1971) illustrated the response of channel slope 
due to channelization. Channelization produced steeper slope resulting in downcutting and subsequent bank erosion. 
Schumm et.al., (1984) have observed and described an evolutional pattern associated with channel adjustment. Bed 
resistance and nickpoint migration control downcutting, so as stream energy becomes laterally contained, the 
channel widens. When the incised channel banks become unstable they collapse into the overwidened bed to 
eventually form a new active floodplain within the old channel. The bankfull or channel-forming flow determines 
the morphology of this new channel. The channel-forming flow was defined by Wolman and Miller (1960) when 
they examined the relationship between sediment transport rate and flow frequency. They found that erosion and 
high sediment loads occurred with extreme floods. However, more frequent flows transported the greatest quantity 
of sediment over time. Dunne and Leopold, (1978) observed this flow frequency to occur between the 1-and 2-year 
recurrence interval, with the average being the | .5-year event. 


The work described above was foundational to developing river assessment methodology to define morphological 
health. These principles provide insight into why the Minnesota River and its tributaries have become 
environmentally stressed over the past century. 


BACKGROUND 


When the Des Moines Lobe of the Laurentide ice sheet retreated for the last time, a relatively flat terrain with 
variable-sized depressions remained throughout most of the Minnesota River basin. The Minnesota River valley 
(MRV) was carved by glacial river Warren when glacial lake Agassiz drained in a catastrophic event (Wright, 
1972). This basin formation is rather unique compared to typical fluvial geomorphic processes. Most river basins 
are formed by much slower rates of denudation, where soil in the uplar. is eroded and deposited in the lowlands. 
This process is driven by elevation differences throughout a basin. rainage networks evolve in a dynamic 
equilibrium with climate, stream morphology and geology over time until they reach a quasi-balance. Balanced 
basins are considered mature unless a change in climate, landscape or geology occurs. 


After glacial river Warren carved the MRV, the tributaries that were previously connected to an incipient Minnesota 
River were not in equilibrium - these rivers needed to cut down and widen their channels to reach a new balance. 
We do not know how much time was required to achieve a new equilibrium, but we do know from early explorers 
(Featherstonhaugh, 1970) that some relatively stable degree of equilibrium was reached in the Minnesota River 
prior to plowing of the prairie. Magner and others (1993), along with Leach and Magner (1992) have documented 
changes in vegetation, land use management and hydrology which have systematically, over the last century, moved 
the Minnesota River away from it's historic state of equilibrium. 


A thorough analysis of climate change was not conducted as part of this study. However, Mallawatantri and others 
(1996) applied a linear regression between logarithms of monthly average flow and the Palmer Drought Severity 
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index (PDSI) to model the influence of climate on discharge in the Minnesota River basin. They examined a twenty 
six-year record (1968-1994) for the months of May, June, July and August. The largest flow increases occurred 
during the month of May. The authors concluded that a wetter climate accounted for flow increases. However, two- 
thirds of the flow increase in May was not due to climate but to changes in land management. 


Records from twenty-seven weather stations throughout the study area were examined. Only five long-term records 
were found (1915 or 1932 to 1998). For these five stations, the average annual total precipitation from 1936 to 1955 
was 27.26 inches and it was 29.56 inches for the period from 1979-1998. There was an increase of 8.4 percent 
between the two periods of time. It appears that a small percentage of the increase in flows at stream gages, between 
those two time periods, can be attributed to the increase in total precipitation. 


METHODOLOGY 


To evaluate stream morphology with respect to the bankfull stage, 35 non-regulated USGS gage stations with at 
least 20-25 years of record were selected (Figure 1) using sites identified in Lorenz ei.al, (1997). After selecting a 
range of drainage areas throughout South-central and Southwestern Minnesota, station description sheets were 
obtained from the USGS office in Mounds View, Minnesota. Station description sheets were examined for the type 
of gage, channel control features and the datum reference. Flows associated with 1-to 2-year recurrence intervals 
were examined and a range of gage heights noted before collecting field data. An initial visit was made to each site 
to look for morphological evidence of the bankfull stage. 
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Figure |. Stream gage sites in the Minnesota River Basin in Southwest and South-central Minnesota. 


The approximate field elevation of the bankfull stage at a riffle was noted and compared to the gage height to insure 
that field observations were within the |-to 2-year recurrence interval. At a riffle, the bankfull channel width and 
depth were measured to determine a cross-sectional area. These values, for 29 streams in the original data set, were 
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plotted against drainage area on a log-log scale to form regional curves for South-central and Southwestern 
Minnesota (Figure 2). This step was essential for visual calibration to correctly identify bankfull indicators across 
changes in scale. The regional curves were constructed across similar geomorphic, land-use and climatic regimes. 
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Figure 2. Regional curves of cross-sectional area for South-central and Southwestern Minnesota 
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Twenty-five of the initial stations were selected across a gradient of mean annual runoff, with 1.3-3 inches/year in 
Southwestern Minnesota to 4.5-4.9 inches/year in South-central Minnesota near Mankato. These sites were 
evaluated according to Rosgen’s level II stream classification (Rosgen and Silvey, 1996) and Schumm’s channel 
evolution model (Schumm et.al., 1984) to assess channel and bed stability (Table 1). 


Table 1. Stream classification and detailed data for twenty-five selected sites across a mean annual runoff 
gradient from Southwestern to South-central Minnesota. 





MN River Major Drainage Cross- Mean Mean Bankf W/D Entench Rosgen Schumm 
Tributaries Area section Width Depth ull Ratio ment Class Stage 
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NBYM trib nr Wilno 0.33 2.1 3.0hCOOO7 13 43 »>2.2 E I 
NBYM trib nr Porter 3.7 $.2 4 13 74 3.1 2.2 E I 
NBYM nor Ivanhoe 14.7 19 12 1.6 35 75 »>2.2 E il 
SBYM River @ Minneota 115 85 47 18 WO 20 <I14 F HVIV 
Yellow Medicine R nr Granite 664 252 68 3.7 = B91)ss18.4 <1.4>22 FC V 
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Mean Ann RO =24-3.3im 


Chippewa River 

Outlet Crk trib nr Starbuck 0.6 3 2 12 84 17 6 >2.2 E I 
Hassel Creek nr Clontarf 7.2 14 10 14 _— ae E I 
Spring Crk nr Montevideo 15.8 22 10 2.5 80 40 >22 E Vv 
Little Chippewa nr Starbuck 96 60 25 24 76 104 >22 E I 
Chippewa River nr Milan 1880 624 104 6 1340 173 <1.4>22 FIC Iv 
Shakopee Crk 308 200 74 #35 450 21.1 <14 F Il 
Mean Ann RO = 2.2 - 4.2 in 

Cottonwood/Little C. River 

Cottonwood trib nr Balaton 09 3 3 l 20 #30 »>2.2 E I 
Spring Crk trib nr Sleepy Eye 4.2 24 10 1.5 1S 66 1.7 B Vil 
Spring Crk nr Sleepy Eye 33 150 28 0 3 65 12.2 >2.2<14 EF VA 
Cottonwood R @ Springfield 777 320 80 4 1100 200 <I4 F Ill 
Cottonwood R @ New Ulm 1301) 561 102 55 2600 185 >2.2 Cc Vv 
Little C. River nr Jeffers 10) 17 10 17 100 $9 <14 G Il 
Little C. River nr Courtland 170 108 40 27 400 148 »22 Cc Vv 
Mean Ann RO = 4.5 - 4.9 in 

BER/LeSueur/Rush Rivers 

LeSueur Trib nr Mankato 0.1 16 27 #406 10 45 <14 G IV 
Cobb R trib nr Beauford 8.2 45 15 3 9% 50 <i14 G/F Vil 
Maple R nr Rapidan 338 250 90 38 1900 237 14 B IV 
LeSueur R nr Rapidan 1110 851 115 74 3300 155 145 B/F IV 
Blue Earth R nr Rapidan 2410 900 ~3=6150 6 4390 250 15 B/F Vv 
M. Br. Rush River nr Gaylord 67 207 $2 4 400 130 <14 F Il 


Stream flow records for thirteen rivers in South-central and Southwestern Minnesota were examined to determine if 
annual peak flows changed over time (Table 2). The first nine rivers represent Southwestern Minnesota. Rivers with 
USGS stream gaging stations with long-term records (>60 years) were selected. Peak flows for each gage were 
downloaded from the USGS web site. These files were edited to create data input files for the U. S. Army Corps of 
Engineers, Flood Frequency Analysis (FFA) software (COE 1992). FFA calculates the annual peak flows for the 
1.01- to 500-year return periods using the Bulletin #17B procedure (USDI 1982). The 1.5-year event is not printed 
in the output table so a log-probability scale graph of flow frequencies was used to determine that value. 


Table 2. Stream gages used in analyzing changes in annual peak flows. 


Gage Number Location Drainage Area (mi’) Period of Record 
05291000 Whetstone R nr Big Stone City, SD 389 1910-12, 1919, 1931-98 
05292000 Minnesota R nr Ortonville, MN 1,160 1938-98 

05294000 Pomme de Terre R nr Appleton, MN 905 1931-98 

05300000 Lac Qui Parle R nr Lac Qui Parle, MN 960 1911-14, 1931-98 
05304500 Chippewa R nr Milan, MN 1,880 1937-98 

05311000 Minnesota R @ Montevideo, MN 6,180 1910-98 

05313500 Yell. Medicine R nr Granite Falls, MN 664 1919, 1931-98 

05316500 Redwood R nr Redwood Falls, MN 629 1910-14, 1931-98 
05317000 Cottonwood R nr New Ulm, MN 1,300 1910-13, 1931-98 
05320000 Blue Earth R nr Rapidan 2,430 1910, 912-46, 1948, 1950-98 
05325000 Minnesota R @ Mankato 14,900 1881, 1903-98 

05330000 Minnesota R nr Jordan 16,200 1935-98 

05476000 Des Moines R @ Jackson, MN 1,250 1909-13, 1931-98 
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The stream flow record for each river was divided into two, 20-year time periods. The first time period, defined as 
“old” was from 1936-1955. The year 1955 was selected as a limit for old because most major drainage ditches were 
constructed by this date. However, adequate field drainage, i.e. subsurface tile, was just beginning. The introduction 
of laser technology in the early 1980's accelerated the pace of field drainage development. 


The second period, 1979-1998, defined as the “new” period, represents a time of more adequate field drainage. 
These periods also were selected based on the common years of flow measurements for each gage. The 20-year time 
periods also provided statistically significant values for the most frequent annual peak flows, the 1.01-, 1 5- and 2.0- 
year events. The 1936-1955 period for the Blue Earth River only has 18 years of record. This same period for the 
Chippewa River and Yellow Medicine River gage sites only have 19 years of record. The Blue Earth River near 
Rapidan, is regulated, however, the data from this station is of importance to South-central Minnesota. The Des 
Moines River at Jackson, Minnesota is outside of the Minnesota River basin boundary. It was added because soils, 
landscape, land-use and drainage development in that basin were similar to the other basins in Southwestern 
Minnesota. The percent of change was calculated between the “old” and “new” periods. To normalize between 
periods, the annual peak flows were divided by drainage area for each gaging station and the average percent 
change was also calculated. 


RESULTS 


The regional curves developed for Southwestern and South-central Minnesota show a close fit to the data. The R* 
for drainage area versus bankfull discharge, cross-sectional area, mean width and mean depth in South-central 
Minnesota are 0.97, 0.94, 0.98, and 0.87, respectively. Similarly, the R’ values are 0.93, 0.97, 0.96, and 0.81 in 
Southwest Minnesota. Table | shows the detailed data for the twenty-five selected sites across a mean annual runoff 
gradient from Southwestern to South-central Minnesota. Table | also provides the Rosgen stream classification and 
the Schumm channel stage. At some gage stations, two va'ues are given to reflect differences in the channel above 
and below the bridge or culvert. The smaller western tributaries showed fewer disturbances as evidenced by E 
channels at stage I. Streams with larger drainage areas were typically incised as evidenced by F channels in a 
disturbed or recovering evolutionary stage. Drainage ditches, more prevalent in South-central Minnesota, were 
classified as B if they were stable and G if they were unstable. Most were unstable and evolved to a stage III, 
evidenced by undercut bank toes with rotational slumps. 


Drainage ditches with larger drainage areas in cohesive soils were classified similar to Southwestern rivers as 
unstable F's and stage III's. However, gage stations located in the Paleozoic bedrock of South-central Minnesota 
tended to have evolved stage .V or V channels and met the criteria for a stable B or moderately entrenched channel 
or a stable C which is a slightly entrenched channel. 


The changes in the 1.01-, 1.5- and 2-year peak-flow frequency analysis, for the gage stations described above, are 
presented in Tables 3, 4, and 5. Data for the Minnesota River at Ortonville and Montevideo were not used in 
determining the averages in Tables 4 and 5 due to flow regulation at those sites. The average results indicate 
changes of 68.1%, 46.4% and 43.7% for the 1.01-, 1.5- and 2-year recurrence intervals, respectively. Any changes 
greater than plus or minus ten percent are assumed to be significant. Twenty-six of the thirty-three events examined 
show significant changes. Table 5 compares the normalized values of average peak flows per square mile of 
drainage area, with 54.7%, 37.6% and 36.2% for the 1.01-, 1.5- and 2-year recurrence intervals, respectively. The 
increases in peak flows, though lower than those shown in Table 4, are still significant. The changes are typically 
greatest for the 1.01-year peak flows and become less as the recurrence interval decreases. Changes between the 
1.S-year and 2-year recurrence intervals were nearly the same, whereas, the 1.01-year recurrence interval showed a 
one-and-a-half times greater change than the less frequent flows. The Cottonwood, Lac Qui Parle and Pomme de 
Terre Rivers showed some decreases in peak flows between the oid and new periods. However, when normalized by 
drainage area, the decreases were nearly negligible. 
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Table 3. Changes in peak flows from the 1936-1955 to the 1979-1998 time period. 

























































































Stream Gage Site Annual Peak Flow Frequencies | Annual Peak Flow Frequencies 
(cfs) (cfsm) 
1.01-yr 1.S-yr 2.0-yr 1.01-yr 1.5-yr 2.0-yr 

Whetstone R old 96 940 1490 0.25 2.42 3.83 
new 105 1240 2040 0.27 3.19 5.24 
Minn R, Ortonville old 80 500 725 0.07 0.43 0.63 
new 102 870 1360 0.09 0.75 1.17 
Pomme de Terre R old 115 645 921 0.13 0.71 1.02 
new 73 630 985 0.08 0.70 1.09 
Lac Qui Parle R old 216 1510 2270 0.23 1.57 2.36 
new 208 1550 2330 0.22 1.61 2.43 
Chippewa R old 144 1020 1530 0.08 0.54 0.81 
new $33 2510 3460 0.28 1.34 1.84 
Minn K, Montevideo old 343 2510 3760 0.06 041 0.61 
new $37 4200 6380 0.09 0.68 1.03 
Yeilow Medicine R old 239 1260 1780 0.36 1.90 2.68 
new 248 1500 2150 ¢.37 2.26 3.24 
Redwood R old 146 900 1300 0.23 1.43 2.07 
new 346 1810 2530 0.55 2.88 4.02 
Cottonwood R old 737 3140 4220 0.57 2.42 3.25 
” new $52 3570 $210 0.42 2.75 4.01 
Blue Earth R old 978 $300 7480 0.40 2.18 3.08 
new 2990 7450 9000 1.23 3.07 3.70 
Minn R, Mankato old 2640 12000 16300 0.18 0.81 1.09 
new 4470 18900 25100 0.30 1.27 1.68 
Minn R, Jordan old 2440 12100 16800 0.15 0.75 1.04 
new 4290 19500 26300 0.26 1.20 1.62 
Des Moines R old 295 1480 2040 0.24 1.18 1.63 
new 424 2050 2830 0.34 1.64 2.26 























Table 4. Percent change in peak flows from the 1936-1955 to the 1979-1998 time period. 


Old to New Percent Change 
Stream Gage Site Annual Peak Flows 
LOl-yr 1.S-yr 2.0-yr 
Whetstone R 94 31.9 349 
Pomme de Terre R (36.5) (2.3) 6.9 
Lac Qui Parle R (3.7) 2.6 2.6 
Chippewa R 270.1 146.1 126.1 
Yellow Medicine R 38 190 208 
Redwood R 1370 101.1 946 
Cottonwood R (25.1) 13.7 235 
Blue Earth R 205.7 406 203 
Minnesota R, Mankato 693 S75 $40 
Minnesota R, Jordan 758 612 S65 
Des Moines R 437 3S 387 
Average 68.1 464 43.7 
XI = 94 
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Table 5. Percent increase in annual peak flows normalized by dividing peak flows by the drainage 


area for each gage site. 
Scenano Annual Peak Flows/Draimage Arca (cfsm) 
1.01-year 1.S-year 2.0-year 
Average for 11 rivers (1936-1955) 0.25 1.45 2.08 
Average for 11 rivers (1979-1998) 0.39 1.99 2.83 
Percent change from old to new (11 rivers) 54.7 37.6 %2 
DISCUSSION 


In Southwestern Minnesota, small drainage-area channel slopes tend to be steeper than similar channel slopes in 
South-central Minnesota. These differences reflect the glacial history and subsequent topographic differences of the 
regions. The Des Moines Lobe in South-central Minnesota is a flat ground moraine with glacial lake bed features, 
whereas lateral and end moraine landscapes domunate in Southwestern Minnesota. Because of terrain and climate in 
many upland portions of Southwestern Minnesota, tile development has likely been less extensive compared to the 
upland portions of South-central Minnesota. As drainage areas become larger (> 20 square miles) in the Southwest, 
and flow moves from the more rolling areas of the moraines to the flatter lake bed, ditch and tile densities become 
similar to the South-central region. 


Small tributaries near Mankato have been partially channelized and tile-line outlets have been added over the past 
three decades. Even the constructed channels have adjusted because the contributing drainage area has progressively 
increased over time. The best visual evidence of channel adjustments are hanging roots from trees less than 30 or 40 
years old and road culverts that have a 2 or 3 foot drop on the downgradient side. At several gage stations, the 
upgradient side of the culvert appeared stable (E or C in Stage | or V), whereas nickpoint migration moved the 
downgradient stream reach toward an unstable G or F (Stage II or III). Spring Creek near Montevideo showed more 
advanced channel evolution with an E channel at stage V below the road culvert. 


The larger drainage areas (> 100 square miles) appear to have integrated the cumulative drainage impact. 
Downcutting by the Minnesota River likely initiated nickpoint migration up the tributaries. As the tributaries of the 
Yellow Medicine, Chippewa, Cottonwood, Rush and Blue Earth Rivers experienced head cutting, channels incised 
and laterally confined stream energy, resulting in F stream types at stage Ill. Little Cottonwood River near 
Courtland is an exception because channel reconstruction created an active floodplain. 


The Pomme de Terre basin drains sandy soils derived from outwash, whereas other basins analysed drain clayey, 
glacial till-derived soils. Many prairie lakes in the Lac Qui Parle basin were drained by the mid-fitues. A large flow 
diversion was also constructed upstream of this gage. These situations may explain why peak flows decreased or 
increased only slightly between the time periods for the Pomme de Terre and Lac Qui Parle gages. The Redwood 
basin contains many potholes with heavy clay souls. In the last quarter-century, open-ule surface drains have been 
installed throughout the lower Redwood basin. It ts not known why the change in the Cottonwood basin runoff 
peaks were so low, although less open-tile surface drains occur in the lower Cottunwood basin compared to the 
Redwood basin. The large increase in the 1.0!-~year peak flows for the Chippewa, Blue Earth and Redwood basins 
may be related to millions of linear feet of subsurface tile added to portions of these watersheds. A large portion of 
the Blue Earth basin was covered by glacial lake Minnesota. This region is extreme'y flat compared to the other 
basins examined. The flat terrain necessitated the increased densiy of subsurface tile lines. The large increases m 
the Chippewa River peak flows may be caused by flood control work in Shakopoe Creek. The channel was 
straightened and widened during 1961 to 1968. The Shakopee Creek basin 1s relatively Mat, and noncontribating 


mucro-depressions likely became contributing areas between the old and new time penods. 


In conclusion, the evidence suggests that the bankfull discharge (1- to 2-year peak flow) has generally increased 
throughout the Minnesota River basin. Climate and land-use rnanagement influenced the increase in frequent peak 
flows. Agricultural drainage has increased stream density, improved channel conveyance and added previous 
noncontributing drainage areas. Increases in bankfull discharge have resulted in channel incision, which disconnects 
the channel from the active floodplain. The resultant loss of the active floodplain has destabilized riparian 
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vegetation, habitat and the mparian corndor’s ability to buffer environmental stress. Subsequent channel adjustments 
following incision have resulted in land loss and increased sediment loads in the unstable channels. Some of the 
increased sediment loads were deposited in downstream, widened reaches, but silts and clays were transported 
further downstream as an increased suspended sediment load. 
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TIRTAHARAPAN® SYSTEM 
DISSOLVED, SUSPENDED AND BED LOAD SEDIMENT LOGGER 
by PROF DRS DIRK DE HOOP 


1 PREFACE 

1 often say that when you can measure what you are speaking about, and express it in numbers, you 
know something about it; but when you cannot express it in numbers, your knowledge is of a meagre 
and unsatisfactory kind; it may be the beginning of knowledge, but you have scarcely, in your 
thoughts, advanced to the stage of Science, whatever the matter may be, (Lord Kelvin, 1824-1907). 


Scope of the problem 


Since the mid-thirties land degradation has become a major element of concern. Rapid population 
growth stimulated the settlement of vulnerable and marginal lands. Together with deforestation and 
the opening up of catchments through the expansion of road networks, river basins have been 
subjected to increased environmental pressures. 





Off-site effects of soil degradation, such as the sedimentation of reservoirs have so far been less 
well documented or mapped. 





With greater appreciation of the economic impact of erosion and sediment, there is an increasing 
requirement for a greater understanding of quantities and sources of sediment, the processes invoked 
in its detachment and transport and its movement through the system (Walling, 1988). 


With increased computer capabilities the development of numerical “model building” has also 
boomed. Numerical ground water and surface water models are now widely used to generate 
information. However information created in this manner should not be confused with hydrological 
field data. Information created through models, are thus, used to make up for the lack on hydro- 
logical field data, collected particularly in the developing countries. This in spite of the fact that 
modelling, without enough data, will not satisfy at all. As we stated before, numerical models require 
huge amounts of data over many years. Otherwise models will not approach real field situations. 


From the environmental point of view, a cheap monitoring system will be essential in the very near 
future, to overcome environmental disasters in the developing countries, before or after artificial 
changes in the hydrologic systems. 

See salinisation of irrigation schemes in Pakistan, Egypt, Thailand etc., water pollution in 
combination with suspended load, sediment transport etc., etc. 

2 PHYSICAL PRINCIPLES AND JUSTIFICATION 


2.1 Introduction 
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All calculations in the hydrology are based on the weight of the column of water, better defined as 
the negative value of the upward force. The weight of a water body is thus defined as the force of 
gravitational attraction exerted on the body by earth. This gravitational pull, however, is not merely 
one force exerted on the body as a whole (Sears 1950). Each small clement of the body is attracted 
by earth, and hence the force which is called the weight of the body is in reality the resultant of all 
these small parallel forces. The direction of the gravitational force on each element of a body, is 
vertically down, so the direction of the resultant is also vertically down. 


ee TT eT ey 


Consequently the pressure near the sensor depends on three variables. 


1. The height of the water table above the sensor, 


2. The density or specific weight of the liquid 
(inc. the dissolved, suspended and bed load sediment.) 
3. The atmospheric pressure. 
The pressure near the sensor, which today can be measured with a high of accuracy and with 


high frequencies, is thus a function of the above three variables. If two of the variables are known 
the third one can be calculated. 


2.2 A fluid system employing steady state flow 


pam me cere fee ny oma en oy pope pares “ora pee | agua 
employing state flow, the total energy is the same at every point in the path of flow. 


These energies are composed of Pressure Head, Velocity Head, and Elevation Head. 


In other words, if there is a reduction in the energy of any form, there must be an equivalent increase 
in another. 


The di ing factor or noise by the measur_ment is the Velocity Head (Bernoulli's Energy Equation 
or expressed by Torricelli's Theorem, v’=2gh, h=v’/2g). 


The existence and ies of the velocity-potential in the vanous cases that may anse, will appear 
as a consequence of the following definition. 


The circulation in every ‘infinitely small’ circuit is assumed to be zero. 
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If the motion of any portion of a fluid mass be irrotational at any one instant it will under certain 
very general conditions, continue to be irrotational (Lamb, Kelvin). 


As a consequence, the installation of the sensor in the bedding will partly avoid an influence of a 
velocity-potential. 
2.3 Sediment, Suspended Load, Bed Load 


Besides water level, rainfall, evaporation and it is possible to directly measure 
(monitor), the sediment load (inc. bed load, sediment and dissolved sediments) as a part of the 
density of a water body. The negative value of the upward force (Pascal, Simon Stevin),is measured, 
and the specific gravity of clear water is known. 


To keep the length of the water column constant, the difference in the negative value of the upward 
force of two measuring points in the vertical in a water body (top and bottom of the specific water 
column within the water body), will give an indication of the weight of a specific water column 
compared with the weight of a similar column of clear water. 


The difference of the weights of the two columns, mentioned before will give a excess in weight that 


because an, eccotding to ‘Aschionedes principle, 0 body imme id baoyed wp with 
-. +0 "Archi ale & ogy boy = wih 2 
force equal to the weight of the di fluid. Hence again an equation with two unknown 
variables exists, i.c. the density of the particles and the fluid displacement. 
The above princi ee oe oo ee the estimated error of 
measurement of the Tirtaharapan logger can be 

p? 





sesceseoeeesoese water level 


specific 
column 











h2 *p2 


eee ewe weww esos cecceccecss river bed fig. 1 
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2.4 SEDIMENT LOAD 
Pressure difference between h2 and h1 

(p2 + pO) - (pl + pO) = De*g*(h2 - hl) 

p2- pl = De*g*(h2 - hl) (1) 


Dfi(Kg/M’) =K * Dw = density fluid incl. dissolved sediment. 

De (Kg/M’) = weighted average density of the fluid column 

Dw = density clear water 

Ds = weighted average density sediment load 

K = correction factor for dissolved load. 
The condition is K=constant. 

he (M) = height spr: ific column 

hs (M) = height column sediment load 

A (M’) = cross section of the column 

8 = gravity (9.8 m/sec2) 

pO (Kg/M*sec’) = atmospheric pressure 

pl, p2 = fluid pressure on the respective depths h1, h2 

M = Mass (Kg) 

Ms = Mass of sediment (Kg) 

Ws = weight of sediment (kg*m/sec2) 


K*Dw = Df 
h2-hl = he 


p2-pl = De*g*he = X (X = pressure difference 
= specific column) (2) 


De*g*A*he = K*Dw*g*A*he + Ds*g*A*hs - K*Dw*g*A*hs (3) 


We assume as a condition a specific column: 
he and A are fixed (condition II). 


De*he = K*Dw*he - K*Dw*hs + Ds*hs (4) 
because of the above condition (II), 
hc= 1M 


De = K*Dw*(1 - hs) + Ds*hs (5) 
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If we assume dDc equals zero 

dDc = 0 = -dhs*K*Dw + dhs*Ds + hs*dDs 

then 

dhs/hs = dDs/(K*Dw - Ds) 

The weighted averages of the particle density, Ds, of soil mainly consisting of clay minerals and silt 
is in the order of 2.6( DON KIRKHAM,IOWA STATE UNIVERSITY, Handbook of Applied 
Hydrology, Chow). 


If we assume arbitrarily boundaries for Ds r-sp. 2.4 and 2.8, the estimated error because of 
suspended load composition will be dhs/hs = 2.4 - 2.8/2.6 = .4/1.6=25 % 


Creative network planning and to installation of the monitoring system in a river basin, plus a 
sampling programme, will be necessary. 


In a strict sense, the error depends on the results of the sample programme and the proper 
installation, both spatially as constructionally, and is possibly smaller. 


from (5) follows 


De*he - K*Dw*hc = Ds*hs - K*Dw*hs 


Pl Pl De*he*g - K*Dw*hc*g = Ps = hs*g*(Ds - 
P ‘ K*Dw) (6) 


Ps = measured pressure difference 
é Ps * A = the weight of the volume of 
Hw Hw + Hs é sedimentsuspended load equal to the volume of 
R the displaced fluid body 











and hs becomes 
Hs | 


‘ hs = (De - K*Dw)/(Ds - K*Dw) (7) 











K is constant, K*Dw=Dfl density of clear water 
/ inclusive solutions. Dfl had to be measured and 


ea gt i taken as constant over a time period. 
Ws=Ds*g*A*hs (8) 


Ms=Ds*A*hs (9) 


he 35/ 
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Ds = 2.6 (subject to results of sampling programme) 
Dw = | ( at 4 degrees C) 

g =9.8mKg/s’ 

Ps = measured difference (Kg/m*sec’) (Pascal) 


A =unit area (m’*)=1 


So the mass sediment (suspended sediment plus bed load is to be calculated by inserting hs in 


equation (9). 
In case of K*Dw = Dw, K = 1 


M=Ds* A *hs 
A=1M’ 
Ps = hs * g * (Ds - K*Dw) = 10 Pascal Proposed installation of sediment logger. 
hs = Ps/(g * (Ds - K*Dw) 
hs = 10/(9.8 * (2.6 - 1) 
hs = 10/(9.8 * 1.6) = 10/15.68 m 
hs = .64 M sediment 
M=2.6*1* .64 
M = 1.7 Kg 
because of condition II and (5) 
hc=1M 
Sediment content of the water body is 1.7 
/ 1000 = 0.0017 Kg/L 

=1.7g9/L 


If A = unit area = 1 M’ and he = 0.99 M 
Sediment content of the water body will 
be 1.7/990 = 1.72 g/l 

A percent error in the measurement of the 
size of the specific column will give 1.2 
percent error sediment content or an error 
of 20 mg/l. 























In order to realise a specific water column 
in a water body, a special sensor for 
sediment load is required. 


A wet/wet p, ‘sure transducer with on 

one end (upper end) a tube filled with water free of suspended load and sediment. On the bottom of 
the tube the upward force is built up by the liquid column of clear local water and solutions, the 
water column above the tube and the atmospheric column. On other side of the sensor, the upward 
force is built up by the water column, with suspended load, sediment, solutions(disolved matter) and 


the atmospheric column. 
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This is not a new approach but a very old dream of ARCHIMEDES (287-212 BC). It is new, 
because, thanks to our technical advances, it is now possible to measure economically, where until 
recently, it was impossible to measure at all with automatic recorders. In order to realise the 
economics one has to compare labour costs, installation costs and instrumentation. 


3.0 CONCLUSIONS AND RECOMMENDATIONS 


The present state of sediment concentration measurement practices has given rise to major errors of 
several hundred of percent (Walling 1984, Meijerink 1977). Infrequent, untimely and poor standards 
of concentration measurements, very high labour, transport and laboratory costs etc. are the main 
causes for these failures. With respect to sediment/suspended load concentration measurements, the 
proposed Tirtaharapan system is properly developed and tested under qualified laboratory 
conditions (August, 1993). With respect to the tests the Tirtaharapan Sediment/Suspended Load 
Logger is expected to measure with an accuracy in the order magnitude of +/- 50 ppm or less under 
field conditions, mostly depending upon an appropriate installation. The noise due to the velocity- 
potential is of a greater importance than sensor accuracy itself in BSL. 

The field of application for the Tirtaharapan sediment logger can typically be found in rivers with 
sediment concentration ranges of 200 ppm. and upwards, as can be seen from Sedimentation Con- 
centration Data published by Mahmood (1987). 
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STATISTICAL MODELING OF LANDSLIDE HAZARD USING GIS 


By Peter V. Gorsevski, Department of Forest Resources College of Natural Resources — 
University of Idaho; Randy B. Foltz, U.S. Forest Service, Rocky Mountain Research 
Station, Moscow, Idaho; Paul E. Gessler, Department of Forest Resources College of 
Natural Resources — University of Idaho; and Terrance W. Cundy, Potlatch Corporation, 
Lewiston, Idaho 


Abstract: A model for spatial prediction of landslide hazard was applied to a watershed affected 
by landslide events that occurred during the winter of 1995-96, following heavy rains, and 
snowmelt. Digital elevation data with 22.86 m x 22.86 m resolution was used for deriving 
topographic attributes used for modeling. The model is based on the combination of logistic 
regression and principal component analysis (PCA) of road related landslides and assumes that 
the meteorologic factors which caused failures in the past will cause failures in the future. This 
model was intended to provide forest land managers with additional information on landslide 
hazards associated with roads. The advantage of the model is that it allows rapid assessment of 
spatial correlation of the topographic attributes on large areas. A Geographic {nformation 
Systems derived map usire the principal component analysis model delineates areas with 
relatively high probabilities of failure in the basin. 





INTRODUCTION 


Forest roads play a key role in the vitality of any managed forest area. These roads provide 
access to the forest for multiple purposes including timber harvesting, recreation and fire 
suppression. Without forest roads, millions of acres of forest lands are unreachable. Beside 
providing many positive benefits, roads can have negative impacts as well. Concern about 
erosion and landslide failure from roads is high especially in highly dissected mountainous 
topography such as the Clearwater Basin in Idaho. Damage from landslides is a critical issue 
concerning fish habitat and water quality. Con. erns about landslide failure have created a need 
for developing quantitative hazard models and prediction of landslide hazard. 


In the literature there are various approaches for developing quantitative hazard models for 
prediction of landslide hazard (Carrera et al., 1991; Montgomery and Dietrich, 1994; Mark and 
Ellen, 1995, Gorsevski et al. 2000a, Gorsevski et al. 2000b). They are mostly based on the 
combination of Geographic Information Systems (GIS) and either an infinite slope stability 
model (Montgomery and Dietrich, 1994; Wu and Sidle, 1995; Okimura and Ichikawa, 1995) or 
statistical models, which link environmental attributes based on spatial correlation (Carrera ct al., 
1991, 1995; Chung et. al., 1995, 1999; Mark and Ellen, 1995; Chung and Fabbri, 1999). 


Multivariate methods combined with GIS have been applied since the early 1980s (Carrera et al., 
1983, 1991, 1992, 1995). The strategy of sampling in these applications was based cither on a 
large-grid basis or in morphometric units. In either case the presence or absence of landslides 
were represented in a binary manner. All attributes believed to be relevant were sampled. These 
data sets were used to construct a model by applying multiple regression or deterministic 
analysis 
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More recently Gorsevski et al. (2000a) applied logistic regression for spatial prediction of 
landslide hazard. A Receiver Operator Characteristic curve (Williams et al., 1999) was used to 


assist in the interpretation of the logistic regression results. 


The approach taken in this paper uses a high resolution digital elevation model (DEM), a 
combination of logistic regression and Principal Component Analysis (PCA), and GIS. The 


DEM provides a representation of the topography of the study area and allows topographic 
attributes to be determined. The logistic regression analysis models the probability that an 


individual grid pixel will contain a landslide. The PCA identifies the most significant 
topographic variables that influence its occurrence. Although interpretation of the most 
significant topographic variables is difficult when PCA is applied, it can help to better screen the 
data and transform a set of correlated variables into a new set of uncorrelated variables called 
principal components. The principle components are also used for locating and identifying 
abnormalities in the data, and to check assumptions that may be required for certain statistical 
analysis to be valid. The principle components are used directly into the model for a backward 
elimination logistic regression. A table was derived from the logistic regression showing the 
classification of the landslides hazard. The classification table can be used as a tool for deciding 
a proper thresholds for hazard classification. 


Although there are several solutions for categorizing ranges of probabilities, for this study area 
we used a scatterplot derived from the results of the logistic regression. The scatterplot shows a 
range of different outcomes based on the correctly identified landslides and non-landslide pixels 
from the classification table. From the scatterplot or the classification table we chose the 
influential point, which is the optimal combination for maximizing the correctly identified pixels 
from both groups. Departing from this influential point in one direction would classify better 
one of the binary groups, and misclassify in the other direction. Errors in one direction might be 
more serious than errors in the other direction. Managers can choose the level of risk they are 
prepared to accept based on the scatterplot or the classification table. 


METHODS 


In this paper we focused on the 85.9 km? Silver Creek watershed (Figure!) located northwest of 
Headquarters, Idaho in the North Fork of the Clearwater River Basin. The topography is highly 
dissected with elevations ranging from 485 m to 1635 m and slopes vary between 0 and 48 
degrees. Precipitation averages about 980 mm annually. The density of roads is 5.5 km of road 
per square kilometer A total of 81 road related landslides were inventoried by both photo 
interpretation and fie\d inventory. The landslide triggering mechanism in the winter of 1995-96 
was a combination of heavy rains and snowmelt. 


DEM data with 22.86 m x 22.86 m resolution was used for deriving the topographic attributes. 
The original data for developing the DEM was collected on 38.1 x 76.2 m grid, then resampled 
to 22.86 m x 22.86 m. Topographic attributes included slope, elevation, aspect, profile curvature 
(slope profile curvature of a surface at each pixel center), tangent curvature (curvature of line 
formed by intersection of surface with plane normal to flow line), plan curvature (contour 
curvature), flow path (distance from watershed divide to the point of interest), and contributing 
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area. The topographic attributes were generated from a DEM using TAPES-G software (Gallant 
et al., 1996). The parent material coverage was supplied by Potlatch Corporation. 

















Figure 1. Distribution of Landslides and Road Network Over the Silver Creek Watershed 


The topographic attributes of 15 percent of the roaded, non-landslide pixels in the watershed 
(24,372) were randomly sampled. All of the road-containing landslide pixels (81) were selected. 
These data sets were combined for further analysis. 


PCA were used to screen the combined data, to produce a smaller set of uncorrelated variables, 
to determine the dimensionality of the space in which the data fall, and to determine the number 
of principal components to be used. The dimensionality of the space in which ‘»< data lies was 
decided by scree plot and accounting of at least 80% of the total variability i: ::. ..iginal 
topographic attributes. Following the PCA, logistic regression with a backward elimination 
procedure was applied to the principal components. Backward elimination procedure helped to 
remove those principal components that were not statistically significant. After the logistic 
regression equation was derived, intermediate maps were generated for each of the principle 
components to assist in derivitg the final landslide hazard map using the logistic regression 
equation. 


RESULTS 


A total of 25 original topographic attributes were reduced to 15 new, uncorrelated variables 
(principal components) by applying PCA. The backward elimination procedure used with the 
logistic regression produced six variables that were statistically significant at 95% significance 
level. The backward elimination method resulted in the equation shown in Table 1. 
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Log (p(1-p)) = -7.0732 —- PRINI * 1.0975 - PRIN2 * 0.6742 + PRINS * 0.2430 - PRING * 0.3946 - 
PRINS * 0.5033 - PRING6 * 0.5839 





p — probability of landslide hazard 

PRIN | - first principle component (slope and schist) 

PRIN2 — second principle component (elevation and basalt) 

PRIN3 - third principle component (east and northeast) 

PRIN4 -— fourth principle component (south, southeast and quartzite) 
PRINS - fifth principle component (northeast, north, granite and quartzite) 
PRIN6 - sixth principle component (north, gneiss, quartzite, and alluvium) 


Table 1. Logistic Regression Equation for Predicting Landslide Hazard 





Interpreting the principle components with high confidence is difficult. Upon examination of the 
normalized eigenvectors, the elements with the largest absolute value suggested that the first 
principal component (PRIN 1) in the logistic regression has a strong relationship with slope and 
the parent material schist. The variables that tend to have strong relationship with the second 
principal component (PRIN2) are elevation and the parent material basalt. The variables that 
tend to have strong relationship with the third principal component (PRIN3) are the east and 
northeast aspect. The fourth principal component (PRIN4) has a strong relationship with south 
and southeast aspect and quartzite parent material. The fifth principal component (PRINS) has a 
strong relationship with northeast and north aspect and granite and quartzite parent material. 
Finally, the sixth principal component (PRIN6) has a strong relationship with north aspect and 
the following parent materials gneiss, quartzite, and alluvium. Except for the third principal 
component (PRIN3) variable, all other variables in the logistic regression have negative 
coefficients. When interpreting the logit coefficients, caution should be taken, because the logit 
model assumes a nonlinear relationship between the probability and the explanatory variables 
(Allison, 1999). For example, the estimated coefficient for the second principle component 
(PRIN2) is -0.6742. If our interpretation that the second principal component (PRIN2) have 
strong relationship with elevation and basalt is correct, then the risk of landslide hazard 
decreases with higher elevation for basalt. 


The scatterplot which show the trade off between correctly identified landslides and non- 
landslides is shown in Figure 2. We chose an influence point of 67 for the landslides pixels, and 
20,132 for non-landslide pixels. This point corresponded to a probability value of 0.005 from 
equation |. Our selection of the influence point was determined by the desire to set the 
probability of making an error equal for both landslides and non-landslides. 
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Figure 2. Scatterplot From the Correctly Identified Pixels From the Classification Table 


Probability lower than the threshold (0.005) were mapped as Low Hazard, and probability higher 
than (0.005) were mapped as High Hazard. The resulting map is shown in Figure 3. It appears 
that 82.7% of the landslide pixels and 82.6% of the non-landslide pixels were correctly identified 
by the model. 
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Figure 3. Predicted Landslide Hazard Assuming a Road in Each Pixel 
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DISCUSSION 


The landslide hazard map presented in Figure 3 represents the road-related landslide hazard 
assuming that each pixel contained a road. While this is not the case, it presents, at a glance, the 
hazard associated with having a road in each pixel. The same analysis method presented in this 
paper, but using non-road containing pixels could be used to generate a similar map. That map 
would present the inherent hazard under the assumption of no roads. Comparison of the two 


Our analysis did not include any attributes related to road construction technique which has been 
identified as important (Sessions et al., 1987). A further refinement of the proposed model 


CONCLUSION 


We developed a landslide hazard map 0/ a 85.9 km’ basin using a combination of logistic 
DEM. The map showed high and low risk areas for road placement. This tool can be used by 
land manager: to focus limited resources toward the prevention of future landslides. The next 
step in our analysis is to include an attribute reflecting the road construction technique. 
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ENTRAINMENT REVISITED: HIGH-FREQUENCY MEASUREMENTS OF FORCES 
ON SEDIMENT PARTICLES IN TURBULENT FLOW 


Jonathan M. Nelson, U.S. Geological Survey, Lakewood, Colorado; Mark W. Schmeeckle, 
Geological Sciences, Florida State University, Tallahassee, Florida; Ronald L. Shreve, 
School of Oceanography, University of Washington, Seattle, Washington 


Abstract: The entrainment of sediment particles from a bed underlying a turbulent flow is 
investigated using direct measurements of lift and drag forces on both spherical and naturally 
shaped sediment grains. In addition to quantifying the relations between mean near-bed flow and 
mean forces on sediment grains, the measurements show that flow variability is critically 
important for producing relatively high forces of lift and drag responsible for entrainment of 
sediment grains. Instantaneous values of drag from a time series measured using a grain resting 
on a gravel bed of the same nominal diameter are as much as four times the mean drag, and 
instantaneous lift values are as much as six times the mean lift. For the case of a 2cm particle on 
a bed of the same median particle s‘ze, time series of lift and drag were measured for conditions 
where some bed particles were in motion. The possibility of entrainment is evaluated from the 
force time series using a static force balance. This evaluation suggests that only rare flow events 
initiate sediment movement, even for very well exposed particles. 





INTRODUCTION 


Current methodologies for predicting sediment particle entrainment and transport rates for 
various flows are based on temporally and/or spatially averaged flow variables. However, 
observations show that some particles can move even when mean flow conditions suggest they 
should not. This is especially apparent in coarse-bedded channels. Typically, this apparent 
contradiction is handled by simply calibrating entrainment models with real data. For example, 
although Shield’s entrainment (critical shear stress) criteria suggests significant motion occurs 
only above a Shield’s stress of 0.06, applications in coarse channels often use values of 0.02 or 
even lower to match observations of motion. While some of the apparent disparity is related to 
the definition of “significant” motion, at least some of it is due to variations in particle placement 
on the bed and temporal and spatial variability in the flow field. Variability associated with the 
bed is usually parameterized in terms of the particle exposure to the flow, and to the pocket 
geometry (or friction angles) of the particles themselves, as explored by several researchers (c.g., 
Kirchner et al, 1990; Buffington et al, 1992; Johnston et al, 1998). There have been several 
studies of particle protrusion and pocket geometries over the past few decades to investigate the 
effects of bed particle variability, but few examinations of the effects of flow variability. 


To develop a clearer understanding of the variability in the flow processes governing sediment 
entrainment and motion, and noting that the forces of lift and drag ultimately move sediment 
particles, we made direct measurements of horizontal and vertical force on a variety of stationary 
particles in several uniform and nonuniform flows. The measurements were made using a newly 
developed transducer, which measures forces on particles at turbulence-resolving frequencies (up 
to 200 Hz). The measurements show that rare lift and drag events occur that are much larger 
than the mean values of those quantities. Thus, mean flow conditions are unlikely to produce 
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significant entrainment relative to rarer high-amplitude events, which appear to dominate the 
initiation of particle motion (at least near the threshold of entrainment). The measurements also 
show that distributions of lift and drag on particles on a sediment bed are strongly dependent on 
both the magnitude and frequency content of the near-bed velocity distributions, which are in 
turn sensitive to rates of local acceleration. For example, flows with the same values of 
boundary shear stress but different turbulence structure (due to, for example, spatial acceleration) 
produce much different distributions of lift and drag on bed particles. The information from the 
force transducer allows construction of models which predict particle motion from a direct 
computation of forces using a predicted or measured velocity time series, i.c., without using 
some averaged surrogate for the flow information, such as bed stress. 


In this paper, information from the force transducer is used along with a static force balance to 
examine when entrainment might occur for a single grain. For this computation, measurements 
of lift and drag were made for flow conditions that produced sediment motion on the bed, and the 
test particle was relatively well exposed. Thus, flow events with sufficient magnitude to produce 
entrainment of the particle were expected to occur. 


EXPERIMENTAL PROCEDURE 


The goal of the experiments discussed in this paper was to collect synchronous, high-frequency 
measurements of velocity and force on a particle in rough and smooth boundary layers. In the 
characteristics and mean forces on grain ‘vere have been very few measurements of the 
temporal variability and frequency distrib. .« | forces on grains in a turbulent flow. Appericy 
and Raudkivi (1989) measured time series 01 horizontal and vertical force, and were able to 
determine the frequency response of the grain and the variability in the measured forces. In the 
experiments described here, this idea is extended to include velocity measurements made with a 
laser-Doppler velocimeter (LDV), which allows examination of the relation between flow and 
forces on grains in a near instantaneous sense. In addition, particle image velocimetry (PIV) 
techniques are used to allow correlation of certain force events with the complete spatial 
structure of the local flow field. Data were collected in a variety of flow situations, including 
well-developed smooth and rough turbulent boundary layers, and interaction zones with both 
wake-like and boundary-layer characteristics. We used several test particles, including spheres, 
cubes, and several different natural grains. The experiments were carried out in a recirculating, 
racetrack, water flume, which has been extensively described by Nowell et al. (1989). This is the 
first set of data in which the instantaneous lift anc drag on a particle near the bed can be directly 
correlated with the instantaneous velocity at vanious locations near the particle snd with the 
entire flow structure around the particle. For a complete discussion of the various expermental 
measurements and results, the reader is referred to Schmeeckle (1998). 


In order to make high-frequency measurements of force on a sediment grain, a new transducer 
was developed in cooperation with William Bruner of Hylozoic Products in Seattle, Washington 
(trade name is for identification only and does not constitute endorsement by the USGS). This 
transducer is capable of force measurements in two dimensions at frequencies approaching 
200Hz. As one of the principal goals of the experime>'« was to examine the effects of 
turbulence, this frequency resolution was required. Furth:. ...ails on the force transducer can be 
found in Schmeeckle (1998) and in Nelson et al. (2000). The transducer was calibrated both 
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statically using weights and springs, and dynamically using a magnetic particle and a set of 
orthogonal coils driven by a frequency generator. The force transducer was mounted below a 
false bed in the flume as shown in Figure | with a slender, aerodynamic stalk protruding through 
an aperture in the flume floor to hold the test particle. 


























Comernon ant Jere Setung 


Figure |. Schematic diagram of the force transducer and laser-Doppler velocimeter used to make 
synchronized measurements of force and velocity. 


Data from the force transducer was collected directly in the data stream of the LDV system using 
a specially constructed interface, so that forces and velocities were saved in a single file. Details 
on the LDV system can be found in Nelson et al. (1995). 


EXPERIMENTAL RESULTS 


Over two hundred time series of velocity and force were collected using a variety of particle 
shapes and sizes in three different flow situations. These flows included both smooth and rough 
boundary layers and flow behind a backward step. The most common test particle was a |.9cem 
sphere, although other simple shapes and a variety of natural grains also were employed. The 
sphere has the advantage that form lift effects are eliminated, and there is a great deal of existing 
information on drag and lift on spheres. A set of experimental time series is shown in figure 2. 


Using the measured time series of forces and velocities, we computed drag and lift coefficients 
for both mean and fluctuating components of force and velocity, correlation coefficients, and 
other statistics for relating the flow structure to the forces on the test grain. Briefly, these 
measurements resulted in five major conclusions. (1) Drag coefficients for spheres in the near- 
bed region are higher (0.76) than the classical results found for settling spheres (0.4-0.5, ¢.g., 
Schlichting, 1979). This conclusion appears to be supported by the earlier work of Roberson 
and Chen (1970) and Apperly and Raudkivi ('989). (2) Drag coefficients for natural particles in 
the near-bed regions were even higher (about 0.9). (3) Both mean and fluctuating components of 
drag are fairly well correlated with streamwise velocity (with some caveats, see 
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Figure 2. Typical times series of horizontal and vertical velocity and force. Velocities were 
measured one diameter upstream of the test particle. Horizontal lines represent mean values. 


Schmeeckle, 1998). (4) Mean and fluctuating lift are not correlated with local velocity upstream 
or immediately shove the test grain, suggesting Gat simple chew-ER formulstions may Se 


times), suggesting that mean values may not be very important. (6) Rare high amplitude lift 
values appear to be associated with specific spatial structures in the flow field, and appear to 
depend critically on the pressure field under the grain. The reader is referred to Schmeeckle 
(1998) and Nelson et al. (2000) for more specific details on these conclusions. 


In general, the most striking result from the experiments was the clear importance of flow 
variability for producing high drag and lift forces on particles. In figures 3 and 4, distributions of 
lift and drag on a spherical test particle from a SOOHz time series are shown for a simple, 
hydraulically smooth boundary layer, a developing boundary layer under a wake produced by a 
backward step 20 step heights upstream of the test particle, and for a gravel bed with the same 
median diameter as the test sphere. In the first two cases, the bed under the particle was smooth 
and the particle was Smm from that bed; in the grave! bed case, the particle centerline was at the 
same level as the tops of the surrounding gravel. Maximum drag is about 25% greater than the 
mean drag in the simple boundary layer, over twice the mean in the developing boundary layer, 
and even higher for the gravel. Maximum lifts in the simple boundary layer are about twice the 
mean, they are about six times the mean in the other two cases. The results for the backward step 
case show that the effect of the overlying wake turlulence is dominant, not only near the 
reattachment point at 6-7 heights from the step, but even 20 step heights downstream. The effect 
of overlying wake turbulence has a profound effect on the boundary layer structure and on 
sediment transport (Nelson et al., 1995). Notably, measurements of forces on a grain in a gravel 
bed show even greater vanability in lift and drag than those measured 20 step heights from a 
backward step. 
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Figure 3. Distributions of drag for a 1.9cm particle Smm above the bed in a smooth turbulent 
boundary layer, 5mm from the bed and 20 step heights from a backward step 2 grain diameters 
high, and positioned as shown in the inset for a gravel bed of approximately the same diameter. 
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Figure 4. Distributions of lift for a 1.9cm particle 5mm from the bed in a smooth turbulent 
boundary layer, Smm from the bed and 20 step heights from a backward step 2 grain diameters 
high, and positioned as shown in the inset for a gravel bed of approximately the same diameter. 
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Figures 3 and 4 indicate that variability is important for predicting if and when grains can be 
entrained from the bed, because they show that instantaneous forcing is often much larger than 

mean forcing. To investigate that aspect of this problem fu:ther, we carried out a set of 
iaeialahl dhauiasaaiite of Ue oid duit. fir « sal enact sad tadds Ua Gh 4 taal 
bed. The flow conditions were adjusted to produce transport of the gravel making up the bed at a 
relatively low rate. Before the actual test measurements were made, the bed was allowed to move 
for a short length of time to ensure that the pocket geometries were representative of a natural 
sediment bed. The idea behind this set of measurements was to evaluate the time series of lift and 
drag in a simple force balance to see if the observed entrainment was consistent with the force 
measurements. In order to collect measurements of force for a case in which we might expect the 
particle to be entrained, the test particle was located with its centerline below the tops of the 
highest grains on the bed, but above most bed particles. This relatively well-exposed position 
was chosen so that the measurements were likely to show some particle-entraining events. 





Figure 5. Schematic of the force balance on a grain resting on a bed of similarly sized particies. 


To evaluate the possibility of entrainment, a simple force balance was used. Using the schematic 
diagram shown in figure 5, where F,,, F,, F, and F, are the drag, lift, resisting and gravitational 
forces respectively, fis the bed slope and @ is the friction angle (or particle angle of repose), 
The force balance when the particle is at the threshold of entrainment is given by the following 
expression: 


rT -ror ere Y 
Equation | can be manipulated to define E, where E is one when the particle is at the threshold of 
motion, less than one if no motion occurs, and greater than one if the particle is accelerating out 
of its pocket. E is defined by the following: 


F,, + F, tang 
fi (tang cos #—sin f) 
This expression allows evaluation of the entrainment of a particle using only the horizontal and 
vertical components of force, the slope of the bed, and the particle friction angle. In figure 6, the 
results from Equation 2 are shown using a measured time series of forces and assuming the bed 


slope equal to zero. Median friction angles for well-sorted beds are 50 to 60 degrees (e.g., 
Buffington et al. 1992), but for this value, E never exceeds one using the force time series 
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measured during grain motion. Typically, the lowest friction angles present in any significant 
proportion on sediment beds are 20 or 30 degrees (Buffington et al., 1992), so 30 degrees was 
used to compute E for figure 6. This value is consistent with the fact that the measured grain was 
well exposed (about half the grain was above the tops of the surrounding grains). 


gage : 


























J 





Figure 6. The entrainment E (see Equation 2) as a function of time for a 1.9 cm test particle on a 
gravel bed of the same approximate diameter. 


Figure 6 shows that nuinerous events occur during the run that yield values of E greater than one, 
but that the mean valuc: of E, even for this choice of friction angle, is well below one. Although 
the length of this paper prohibits an in-depth discussion, consideration of the time required to 
move a particle out of its pocket indicates that, although E is greater than one many times in the 
time series, most of these events last too short a time to move the grain any significant portion of 
its diameter. Only the event at about T=2.5s is large enough in magnitude and long enough in 
duration to move the particle more than half a grain diameter. Thus, many of the apparent events 
would probably only lead to the grain momentarily vibrating within its pocket. Thus, during this 
30s time series, only a single rare flow event is of sufficient strength to move the test particle, 
CONCLUSIONS 
Entrainment events that occur at very low values of the Shields stress are almost certainly related 
to situations where both the pocket geometry of the particle and its exposure to the flow are 


favorable, and when local flow structure produces a rare high lift and drag event. The immediate 
implication is that models that attempt to predict initiation of motion in low-Shields number 
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conditions, as are typically found in gravel-bed channels, must include parameterization of flow 
variability and its effect on forces on sediment grains. In a more general sense, our 
measurements suggest that mean flows are only capable of moving the average particle (i.e., with 
average protrusion and friction angle) when bottom stress is many times the critical value. Thus, 
in the majority of situations, mechanical models for entrainment based on mean flow and particle 
characteristics are not capturing the salient physics of the entrainment process. Accurate 
treatment requires the inclusion of flow variability, as in the model of Schmeeckle (1998). 
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HYDRAULIC PERFORMANCE TESTING OF STIFF GRASS HEDGES 


By Darrel Temple, Research Leader, USDA-ARS, PSWCRL, Stillwater, Oklahoma; Seth 
Dabney, Research Agronomist, USDA-ARS, NSL, Oxford, Mississippi 


Abstract: Although stiff grass hedges are being used as vegetative barriers to concentrated flow 
for the purpose of decreasing erosion and encouraging sediment deposition, the data describing 
their hydraulic behavior have been limited. Sixteen hedges were tested with discharges being 
increased incrementally until the hedges failed through local overtopping. Following testing, 
half of the hedges were cut to remove the damaged stems, while the remainder were allowed to 
recover without disturbance. Preliminary data analyses and qualitative observation of the 
behavior of the tested hedges are reported. Test observations included: 1) the interior rows of the 
three and four-row hedges suffered from lack of light, making the additional rows less effective, 
2) the amount of vegetal debris in the flow approaching the hedge had a significant impact on the 
head loss through the hedge at a given discharge, 3) the head loss through the hedge (depth of 
water ponded) was the dominant factor in determining the point of hydraulic failure 
(overtopping) of the hedge, 4) the switchgrass tended to perform better overall for the conditions 
tested and remained erect with water ponded to a depth of approximately 1.5 ft, and 5) removing 
the damaged stems by mowing following testing resulted in more rapid recovery of the hedge. 


INTRODUCTION 


Stiff grass hedges may be used in the management of upland erosion to assist in keeping the 
topsoil on the field and reducing sediment delivery to the stream and river system. These hedges 
normally consist of narrow, parallel strips of stiff-stemmed grass planted close to the contour. 
The strips may be continuous, or may be used locally to control ephemeral gullies or other areas 
of concentrated flow. Hedges may be used independently or in conjunction with other 
conservation measures (Dabney et al., 1993). 





Stiff grass hedges reduce erosion and sediment delivery by forming a porous barrier to flow that 
ponds water upstream and spreads the flow over a large area as it leaves the hedge. This causes 
sediment to be deposited upstream of the hedge and reduces the erosion and sediment transport 
capacity of the flow downstream of the hedge (Dabney et al., 1995). Over time, contour hedges 
may form terraces due to the induced erosion/deposition pattern. Terraces thus formed will tend 
to be stable while the hedges remain in place. 


Although stiff grass hedges have been shown to be a valuable conservation tool, the data related 
to their hydraulic behavior have been somewhat limited. Hedges are designed to function erect 
with flow through, rather than over, the vegetal elements, making much of the work on flow 
resistance of grasses inapplicable (Temple et al., 1987). Meyer et al. (1995) studied the 
hydraulic behavior of hedges brought into a laboratory flume and found them capable of ponding 
water to depths on the order of 1.5 ft (0.5 m). The effect of moving the hedges to the flume on 
their hydraulic behavior was unclear. Dalton et al. (1996) provided limited data on the hydraulic 
behavior of vetiver grass hedges, but the data were limited to a single hedge width and to vetiver 
grass as the plant material. Several other plant materials have been used for hedges, as discussed 
by Lane and Douglas (1996) and Dabney et al. (1999). 
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The present study was undertaken to provide additional information on the hydraulic 
characteristics of hedges with specific attention to alternate plant materials and hedge width. 
This report provides a description of the tests conducted and the behavior observed, along with 
preliminary data analyses. Focus is on a description of the observed behavior that may be of 
value to those utilizing hedges for erosion and sediment control. More detailed data analyses are 
planned and will be published at a later date. 


DESCRIPTION OF TESTS 


In preparation for testing, sixteen hedges were transplanted to test channels in the outdoor 
laboratory. The hedges were each 3 ft (0.9 m) in length, crossing the channels perpendicular to 
the direction of flow. Two repetitions of one-, two-, three-, and four-row hedges of switchgrass 
(Panicum virgatum) and eastern gamagrass (Tripsacum dactyloides) were established. For 
multiple row hedges, the rows were spaced | ft (0.3 m) apart. Sufficient plants were placed in 
each row to allow growth of a dense hedge. Initial transplanting density was approximately two 
plants per foot (7 plants/m). Transplanting for establishment of the hedges was done in Apmil 
1997. 


The channels into which the hedges were placed were established 3-ft (0.9-m) wide channels, 
each 96 ft (29 m) long separated by 2-ft (0.6-m) concrete strips and isolated by a gravel bed 1.5 
ft (0.46 m) below the surface. Two-ft (0.6-m) wooden sidewalls were mounted on the concrete 
dividers immediately prior to testing (Fig. 1). Instrumentation carriages for measuring devices 
were also mounted on the concrete. Between the hedges, the channels were covered with mixed 
grasses with bermudagrass dominating the cover. Except for the hedges, the cover was 
maintained in the mown condition. The grass between the hedges was mown and the loose 
material removed using a lawn rake immediately prior to testing. 


Tests were conducted in July 1999, 
approximately two years after 
establishment. During the interim, the 
hedges had been maintained by 
immgation and fertilization to maintain 
vigorous growth. The hedges were not 
mown or clipped at any time between 
establishment and testing. 


In addition to mounting the channel 
sidewalls and instrument carnage, and 
mowing the grass other than the hedges, 
preparation for testing included 
documenting the condition of the hedges 


and establishing measurement stations Figure 1, Test channels with 2-ft sidewalls and 
immediately upstream and downstream instrument carriage mounted on the concrete 


of each hedge. The bed clevation at dividers between channels 
these measurement stations was 


determined before and after the tests. 
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and the stations were used to measure water surface elevations during the tests. Water was 
delivered to the channels using a 12-inch (0.3-m) pipe. Calibrated orifice plates placed in the 
pipe were used to measure the flow into the channel. 


Tests were conducted with increasing discharge until the hedge was considered failed. The 
hedge was considered failed when bending and overtopping of a portion of the hedge was 
observed. Discharges in the 3-ft (0.9-m) wide channels were nominally set at 0.25, 0.5, 1, 2, 3, 
4, and 6 cfs (0.007, 0.014, 0.028, 0.056, 0.084, 0.11, and 0.17 m’/s). Additional intermediate 
flows were used in some channels when observation suggested the possibility of imminent 
change. Each flow was set at approximately the nominal discharge and conditions allowed to 
stabilize. After conditions appeared to have stabilized, water surface and discharge 
measurements were taken. Digital photography was used to visually document hedge 
performance. 


Following the completion of all tests, one of each the hedge repetitions was hand clipped to a 
height of approximately 2 inches, and the cover removed. The other repetition of each hedge 
was left in the condition created by testing to failure. Recovery was monitored and documented 
photographically. 

OBSERVATIONS AND TEST RESULTS 


General Observations: During the period of establishment, the switchgrass hedges appeared 
well suited to the environment and management. The castern gamagrass seemed less well 
adapted to the limited rooting depth and central Oklahoma climate. However, all hedges 


appeared dense and healthy at the time of testing. 


The central rows of the multi-row hedges of both grasses tested showed evidence of poor health 
due to shading by the outer rows. Visually, this was more evident for the taller switchgrass than 
for the gamagrass, and was variable in all cases. Additional analysis is planned to identify a 
means of quantifying this effect. 





Despite the attempt to develop consistent conditions between the hedges and the removal of 
vegetal debris prior to testing, the amount of debris in the flow varied significantly between tests. 
For reasons that are still unclear, portions of the mixed grass cover upstream of the hedges was 
detached by the flow in some areas, while remaining intact in others. Therefore, the amount of 
vegetal debris available to be trapped by the hedges varied from hedge to hedge. In some 
instances, this had a major effect on the depth of water ponded by a hedge for a given discharge. 
This effect is shown in figure 2a for the four-row switchgrass hedges. The hedge represented by 
the line showing the steepest initial slope experienced the greatest residue trapping and plugging 
of any hedge tested, while the hedge represented by the other line experienced only minimal 
plugging and allowed passage of substantially more flow for the same upstream depth. Figure 2b 
shows the same plot for the repetitions of the two-row switchgrass hedges where neither hedge 
experienced significant debris clogging. Figures 2a and 2b represent the worst and best 
consistency in test repetitions, respectively. 
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Figure 2. Plots of upstream ponded depth vs. discharge for a) the four-row switchgrass 
hedges and b) the two-row switchgrass hedges. 


Hydraulic Performance: Despite the problems associated with debris clogging, the gencral 
hydraulic behavior was the same for all tests as demonstrated by figures 2 and 3. For low 
discharges, the upstream depth increased rapidly with discharge. As the depth approached the 
maximum that the hedge was able to retain, upstream depth became relatively insensitive to 
discharge until the hedge failed locally due to bending and breaking of the stems. 


When energy loss per unit of flow through the hedge (head loss) is plotted versus discharge, as is 
done in figure 3 for the same two- and four-row hedges represented in Fig. 2, the behavior near 
the point of failure becomes clearer. As additional energy is added to the system in the form of 
additional flow, the hedge dissipates this energy until a point is reached where flow begins to 
find a path over, rather than through, the hedge. The head loss then begins to decrease with 
increasing flow rate. This point of maximum head loss is used as the defining point of hedge 
failure for the remaining discussion. 
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Figure 3. Plots of energy head loss through a) the four-row switchgrass hedges, and b) the 
two-row switchgrass hedges. 


By defining the point of hydraulic failure as the point of maximum energy head loss, we can 
observe trends for the hedges tested. Figure 4 shows the upstream depth at failure for cach of the 
16 hedges tested. The upstream depth at failure is observed to increase only slightly with the 
number of rows and to be on the order of 1.4 to 1.6 fi (0.4 to 0.5 m) for the switchgrass hedges 
and 0.9 to 1.1 fi (0.3 to 0.35 m) for the gamagrass hedges. 
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Figure 5 plots the discharge per unit length of hedge (width of channel) at failure for each of the 
hedges tested. Discharge at failure shows significantly more scatter than upstream depth. This is 
due, in part, to the debris clogging problem previously discussed. Despite the scatter, an 
approximate specific discharge at failure may be extracted from the figure. For the tests where 
clogging was minimal, the discharge at failure was on the order of 1.0 to 1.3 cfs/ft (0.09 to 0.12 
m’/s/m) for the switchgrass hedges and approximately 0.7 cfs/ft (0.06 m’/s/m) for the gamagrass. 
This finding is generally consistent with NRCS (1999), where, for a hedge designed to control 
concentrated runoff, it is recommended that a level length perpendicular to the flow direction, 
(measured in feet) be numerically greater than the contributing area (measured in acres). This 
recommendation implies a specific discharge of 1.0 cfs/ft with a runoff rate of lin/h (2.Scmv/h). 


The fact that both the discharge and the upstream depth at failure tend to be relatively insensitive 
to the number of rows suggests that, even without significant debris clogging, the initial head 
loss on entry into the hedge is forming a hydraulic control. Weakening of the row interaction by 
shading internal rows would also contribute to this behavior. Additional data and analysis may 
clarify the physics of this behavior further. 


Vegetal Recovery: The recovery of the hedges following testing offered few surprises. The 
hedges that were clipped recovered faster than did those that were left in the damaged state with 
a portion of the stems broken over. The difference was most notable at the end of the growing 
season following testing (approximately 2 months after the tests). All hedges recovered and 
appeared upright and healthy shortly after the beginning of the next growing season. 


SUMMARY 





Sixteen stiff grass hedges were established in the outdoor laboratory and tested to hydraulic 
failure. These hedges represented two repetitions cach of one-, two-, three-, and four-row hedges 
of switchgrass (Panicum virgatum) and castern gamagrass (Tripsacum dactyloides). The 
preliminary findings of these tests may be summarized as: 

e Variation in plugging of the hedges by vegetal debris had a major impact on the depth of 
upstream ponding for a given discharge even though the conditions upstream appeared 
equivalent in all tests prior to introducing flow. 

e Interior rows in multi-row hedges appeared weakened by shading from external rows, 
reducing the impact of using multiple rows. 

e¢ The switchgrass tended to be more adapted to the test environment and performed better 
hydraulically in that the discharge and ponding depth at failure tended to be greater. 

e The switchgrass hedges ponded water to an upstream depth on the order of 1.4 to 1.6 fi 
(0.4 to 0.5 m), and the gamagrass ponded water to an upstream depth of 0.9 to 1.1 ft (0.3 
to 0.35 m). 

¢ Clipping or mowing the hedges following hydraulically damaging the stems tended to 
hasten recovery, but left a time period when no hedge was present. 


Additional data analyses and testing may allow more detailed quantification of hedge 
performance. However, the difficulty in quantifying the quantity of debris available to the flow 
and the sensitivity of flow resistance through the hedge to this debris will make precise 
prediction of this resistance difficult. 
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The Federal Interagency Sedimentation Project (FISP) is an independent, interagency project responsible 
and responsive to the Technical Committee of the Subcommittee on Sedimentation. The basic objective of 
FISP is to seek solutions to problems within the field of sedimentation that are of common concern to the 
participating agencies and that are of a nature that solution through cooperative action by the interagency 
group offers distinct advantages. Areas of interest and activities include, but are not limited te, the following: 
development, modification, and testing of sediment-sampling equipmen(. procurement and calibration of 
sediment samplers, sediment sampling methods, laboratory analysis of sediment samples. and automatic 
measurement of sediment in streams. The FISP was created in 1939 and is sponsored by the following 
Federal agencies of the United States: 


U.S. Geological Survey U.S. Army Corps of Engineers U.S.D.A. Forest Service 


U.S. Bureae of Land Management U.S.D.A. Agricultural Research Service U.S. Bureau of Reclamation 
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